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ABSTRACT 


A method of studying cerebral arterial response to induced sub- 
arachnoid hemorrhage has been developed in. rhesus’ monkeys... Induction of 
subarachnoid hemorrhage was accomplished by injecting fresh autogenous 
arterial blood through a needle inserted via a twist drill hole placed 
half a centimeter superior to the nasion. Introduction of the needle 
was guided radiographically into a midline about half a centimeter 
anterior to the tuberculum sella. Injection of the blood at this area 
of the subarachnoid space was effective in allowing blood to come into 
contact with the two observed arteries. 

These moderately separated tributaries of the anterior portion 
of the Circle of Willis were studied. The supraclinoid segment of the 
right internal carotid and the proximal segment of pericallosal arteries 
were observed during weekly inductions of subarachnoid hemorrhage. 

Cerebral arterial spasm was statistically proven to occur in 
each of the three weeks of experimentation. The vasospasm produced did 
not last for a week, nor was it increased by repeated weekly blood 
injections. The degree of vasospasm did not differ between the two 
observed arteries over the three weeks. Six experimental variables were 
measured and found not to influence significantly this vasospastic 


response. 
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INTRODUCTION 


The concept of cerebral arterial spasm playing a major role in 
transitory neurologic phenomena such asmigraine, aphasia, epilepsy, 
temporary hemiplegia and hypesthesias, has been suggested on an empiri- 
cal basis by investigators since the middle of the nineteenth century. 

Brunton [11,12] was among the first to hypothesize functional 
disturbances in cerebral arteries. Du-Bois-Reymond in 1868 attributed 
the visual phenomenon of migraine and epileptic convulsions to diminu- 
tion of cerebral blood pressure caused by the contraction of arteries. 

Since then, cerebral vasospasm has been mentioned frequently in 
association with a variety of clinical conditions ranging from hyper- 
tensive hemorrhagic apoplexy [16] to ruptured intracranial aneurysms. 
Actual occurrence of vasospasm was originally questioned by Pickering 
[86] who stated that true spasm was rare. This brought out differences 
of opinion as to what constituted vasospasm as opposed to vasoconstric- 
tion. Vasospasm has been described as an involuntary and excessive 
contraction of muscle fibers in the vascular wall. In essence it has 
been regarded as a pathologic process. Potter [92] described physiologic 
vasoconstriction of arteries as an even and rather diffuse process in 
contradistinction to vasospasm, which was neither. Both vasoconstriction 
and vasospasm are active processes depending on the properties of the 
smooth muscle. Roy and Sherrington [101] described another process in 
which passive reduction of the caliber of cerebral arteries occurs when 
intra-arterial pressure falls. In this thesis vasoconstriction and 
vasospasm are regarded as synonymous. 


Since it was first recognized that cerebral arteries are capable 
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of constriction, numerous investigations have been carried out using 
various mechanical and chemical stimuli. By the time the first radiologic 
evidence of vasospasm was presented, many clinical conditions had already 
been postulated to be caused by or at least associated with it. The 
technique of cerebral angiography and related diagnostic procedures has 
improved considerably since its introduction. It is now possible to 
determine whether vasospasm is occurring and also its degree and distri- 
bution. This direct demonstration of vasospasm with other evidence 
permits speculation regarding etiology. Associated physiological and 
biochemical alterations can also be measured. The presence of cerebral 
vasospasm in response to various stimuli has been relatively easy to 
demonstrate, but the precise mechanism of production has escaped full 
understanding. The precise sequence of events leading to its production 
is still unknown. 

Studies directed toward elucidating the anatomical structure of 
the cerebral arteries revealed no significant difference between compar- 
able arteries in other parts of the body. What was obviously noted was 
the uniqueness of their surrounding medium. The arteries at the base of 
the brain are bathed with cerebrospinal fluid and are almost devoid of 
supporting connective tissue. In subarachnoid hemorrhage (SAH) the 
Circle of Willis and its branches are in direct contact with blood and 
subsequently the products of its decomposition. 

The complete innervation of the cerebral arteries has not been 
fully demonstrated. A neurogenic etiology in the production of cerebral © 
vasospasm has been almost but not completely discounted. Results of 
experimental studies on the identifiable nerve supply of the cerebral 
arteries has not been sufficient to explain the degree, distribution 


and duration of vasospasm seen clinically. Stimulation of the sympathetic 
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innervation of the basal arteries revealed an unremarkable response, 
ranging from no response at all to 8 - 10% vasoconstriction [36,37]. 

Much recent work has been directed to analysing the response of 
the arterial wall to local physical and chemical change. Clinical 
evidence has accumulated to confirm the close association between 
cerebral vasospasm and intracranial aneurysmal rupture producing sub- 
arachnoid hemorrhage. This condition produces a local physical distortion 
in the arterial wall and simultaneously changes its chemical surrounding 
with extravasated blood. 

Blood and its decomposition products were the next targets of 
experimental scrutiny. Vasoactive substances including those which are 
normally circulating and those released at the time of the hemorrhage 
have been shown to alter the caliber of cerebral arteries to a variable 
extent and duration. None, however, has been experimentally proven to 
produce a response analogous to the typical clinical condition. 

Other components of blood, like serum electrolytes and blood 
gases, have been considered in the pathogenesis of cerebral vasospasm. 
Investigative results are still conflicting. There has been indication 
that the presence or absence of certain electrolytes and changes from 
normal of certain blood gases could affect the cerebral arterial response 
to a particular experimental stimulus. 

As demonstration of cerebral vasospasm became precise, more signi- 
ficant correlations were made to clinical conditions. With diminution 
of arterial caliber, it becomes obvious that certain hemodynamic changes ~ 
occur in the blood supply to the brain. This presumably results in 
different degrees of neurological deficits under certain conditions. 

The problem has been compounded in the case of subarachnoid 


hemorrhage resulting from the rupture of intracranial aneurysms. This 
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4 
is a situation which frequently produces vasospasm. The direct surgical 
treatment of aneurysms could possibly produce or perpetuate this patho- 
logical vascular response. 

The necessity of clearly defining the pathogenesis of cerebral 
vasospasm is obvious. The logical approach to its treatment depends upon 


the full understanding of its nature. 
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CHAPTER II 


THE PRESENT PROBLEM AND HYPOTHESIS 
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THE PRESENT PROBLEM AND HYPOTHESIS 


Various experimental methods have been developed in the past to 
study the cerebral arterial response to blood and its breakdown products. 
A great number of these investigations employed a direct approach to the 
problem. This frequently involved major surgical procedures before actual 
observations were made. Various investigators have made use of extensive 
craniotomies and transoral or transclival approaches to expose particular 
cerebral vessels. These have been quite satisfactory, in answering par- 
ticular problems. They had the advantage of direct visual observation 
of changes in the cerebral blood vessels, without resorting to less 
accurate indirect methods. However, there are limitations in correlating 
these findings with clinical situations. In this respect these earlier 
methods had some drawbacks in that major experimental variables were 
added to the effect of SAH. 

In the present study, a method of indirect observation was proposed. 
This was developed by taking into consideration common existing clinical 
conditions, of which SAH secondary to ruptured aneurysm of the anterior 
portion of the Circle of Willis is most frequent. No major surgical 
“trauma, which might have interfered with the simulated clinical condition, 
was induced. Physiological conditions were maintained as closely as 
possible to normal. 

The present study was commenced with the hypotheses that: 

A. Fresh autogenous arterial blood, when introduced into the sub- 
arachnoid space in the vicinity of an intact supraclinoid segment of 
right internal carotid and proximal segment of pericallosal arteries, 


produces vasospasm within the first five to ten minutes of introduction. 
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B. Repeated injections of fresh autogenous arterial blood at weekly 

intervals produces similar degrees of vasospastic responses from each of 
the two arteries. 

C. The degree of vasospastic response to subarachnoid blood is the 


same for both arteries over the three weeks of experimentation. 
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CHAPTER III 


REVIEW OF LITERATURE 


REVIEW OF LITERATURE 


1. Evidence of Cerebral Vasospasn. 


The capacity of the cerebral arteries to go into spasm has been 
shown in experimental animals by the application of various physical 
stimuli. This was shown in the works of Florey, 1925; Riser, 1931; 
Villaret and Cachera, 1939; Echlin, 1942; Harvey and Rasmussen, 1951; 
Byrom, 1954; Pool, Jacobson and Fletcher, 1958; Lende, 1960; and Raynor 
and Ross, 1960. Manipulation of the Circle of Willis and its branches in 
man in surgical procedures produced similar vasospastic responses (Bassett, 
1951; Pool, Jacobson and Fletcher, 1958; Gillingham, 1958; Gurdjian and 
Thomas, 1959; Krayenbuhl, 1960; Potter, 1961). 

The first arteriographic evidence of cerebral vasospasm was reported 
in 1950 by Reid, Johnson and Ollerenshaw, during the Sixth International 
Congress of Radiology in London. The cerebral arteriogram showed vaso- 
spasm associated with subarachnoid hemorrhage secondary to a ruptured 
berry aneurysm. Subsequent reports describing a similar phenomenon were 
made by Ecker and Riemenschneider, 1951; Johnson et al., 1958; Pool et al., 
1958; and Fletcher et al., 1959. 

It has been suggested that vasospasm is an optical illusion, attri- 
butable to physical phenomena such as laminar tlow of contrast material 
[1]. This was easily ruled out by taking radiographs in several projec- 
tions. 

To avoid misinterpretations of arteriograms, several pertinent 
points were brought up by various investigators which serve as criteria 
for the diagnosis of cerebral arterial spasm. One of the foremost dis- 


tinguishing characteristics of vasospasm is that the localized narrowing 
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8 
of the arteries seen in the first arteriogram should have disappeared in 
subsequent ones. Fletcher et al. [34] defined spasm as a narrowing of 
the lumen of the vessel beyond that which is considered a normal anatomical 
variant. The narrowing almost exclusively involves the intracranial 
arteries. The cervical arteries are rarely affected. In arteries, where 
different segments normally have relatively constant diameters, certain 
guide lines have been established to diagnose vasospasm. This is exempli- 
fied in the case of the supraclinoid portion of the carotid artery, whose 
diameter is two-thirds or more of the intracavernous portion. Vasospasm 
is not considered significant unless its diameter is less than two-thirds 
of the intracavernous portion. In certain arteries exhibiting variations 
from normal, like a hypoplastic anterior cerebral artery, the narrowing 
is not considered as vasospasm unless a local segment only is involved 
[34]. 

Other salient features [92] that characterize this pathologic 
state of cerebral vasospasm include the following: 

A. Spasm is confined to intradural vessels with few exceptions. 

B. It is essentially proximal, always near the Circle of Willis, 
frequently involving the terminal part of the carotid artery, but sparing 
the more distal branches which may be larger in caliber than the carotid 
artery itself. 

C; It may be proximal or distal to the ruptured aneurysm, less fre- 
quently on the opposite side. Occasionally it is remote from the aneurysm, 
as in a case of severe bilateral internal carotid arterial spasm after 
rupture of an aneurysm at the origin of the posterior inferior cerebellar 
artery. 

D. It is often patchy and irregular, and the length of involved 


segment varies considerably. 
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E, There is usually a slowing in the affected part of the cerebral 
circulation as judged from the timing of the angiograms. 

F. The narrowing may persist for several weeks. 

G. Vasospasm usually does not occur in arteries showing clear-cut 
evidence of arteriosclerotic changes. Its incidence falls sharply in 
patients over the age of fifty, as noted by Fletcher et al. [34]. 

Sources of error in the interpretation of cerebral vasospasm from 
arteriograms were recognized as early as 1951, a year after its first 
demonstration. Important differential factors include the following: 

A. In an artery congenitally narrowed, or narrowed by an atheroma, 
repeated arteriograms may show no change of caliber of the same artery. 

B, Narrowing of an artery due to longitudinal stretching by local 
brain swelling or hematoma is usually even. This is usually temporary. 
It could be permanent, if the vessel is stretched over an aneurysm 
filled with laminated thrombus which is not :demonstrated in its entirety. 

C. Pseudospasm [28] results from variation of blood flow causing 
non-filling or partial filling of the lumen of the artery. This has been 
attributed to changes in intra-arterial pressure in the carotid artery 
distal to the site of injection of contrast material. During the 
injection of contrast material there is a slight increase, followed by 
a slight decrease in pressure after injection. This is thought to be 
caused by the mere presence of the needle in the artery causing slight 
obstruction, or spasm of the arterial wall due to the puncture or sub- 
intimal hematoma. All these factors tend to change the direction of 
blood flow, from the contralateral carotid artery through the anterior 
communicating artery and from the basilar artery through the posterior 
communicating artery, towards the injected side. This appearance of 


pseudospasm could be due entirely to a slight delay in exposure of the 
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arteriogram. 

D. The streamlined nature of the flow of blood could cause the 
contrast material to occupy only certain laminae occupying only a part 
of the actual lumen of the artery. 

Fletcher et al. [34] categorized cerebral vasospasm into local 
and diffuse. The former is characterized by constriction of an area in 
the blood vessel 1 to 2 cm. proximal or distal to the aneurysm. 
Zingesser et al. [128] proposed the same classification, and went further 
by dividing the severity of spasm into three groups, although none of 
those they first classified had premorbid arteriograms for comparison. 

Grade I - the caliber of the blood vessel involved is narrowed 


by less than 502%. 


Grade II -- the caliber of the vessel involved is narrowed by more 
than 50Z. 
Grade III - the change in the caliber of the vessel involved is 


barely visible. 


2.  Correlative Anatomy. 


The anatomy of the gross blood vessels of the brain is well known 
and will not be described here. Only those aspects which relate to the 
study will be reviewed. 

Congenital anomalies of the Circle of Willis, especially those of 
the anterior and posterior communicating arteries, should be taken into 
consideration while interpreting arteriograms in relation to vasospasm. 

The concept of true end or terminal arteries of the brain has been 
questioned strongly. The microcirculatory system in the cerebrum and 
cerebellum in man and in dogs contains pre-capillary "thoroughfare 
tanevarned which also exist in other organs of the body. Arteriovenous 


anastomoses with diameters of 14u to 25y have been demonstrated in the 
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subcortical white matter [29,49,80]. 

It is well established that there is no essential difference 
between the anatomic characteristics of cerebral arteries and most of 
the other arteries of the body of the same size, as had been originally 
suggested [88]. They have an adventitia, vasa vasorum, elastica, 
muscularis, intima, and both myelinated and non-myelinated nerve fibers, 
all of which gradually become less prominent as the diameter of the 
blood vessel decreases. 

The main innervation of the major cerebral arteries is said to 
arise from the pericarotid plexus, upper cervical roots and the tympanic 
plexus. Fibers from the vagus and upper two cervical roots are believed 
to supply the vertebral and basilar arteries. Branches from the third, 
fifth, seventh, ninth, eleventh and twelfth cranial nerves are also said 
to contribute fibers to the cerebral arteries [88]. It has been suggested 
that the Circle of Willis is supplied by afferent fibers through the 
ipsilateral trigeminal nerve [96], vasodilator fibers via the facial 
nerve [19], vasoconstrictor fibers from the cervical sympathetic system 
[10,71] and fibers capable of vasoconstriction directly from the brain 
stem or by way of the ninth, eleventh or twelfth nerves. 

Intrinsic axonal reflex mechanism should also be considered in 
the local vasomotor activity of the arteries [88]. 

Electron microscope observations on the human intracranial 
arteries [23] confirmed the existence of the following: 

A, Myelinated and non-myelinated fibers within the adventitia of 
relatively large cerebral blood vessels. 

B. Efferent and presumably adrenergic nerve endings containing 
vesicles with osmophilic centers. 


C. Structures that resemble digital tactile organs that may represent 
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12 
afferent terminals. 
D. No specific nerve endings in the tunica media or tunica intima. 

X-ray microscopic study of the intracranial arteries using the 
Corlett Nixon X-ray projection microscope [23] showed that there were no 
vasa vasorum in the arterial walls of the Circle of Willis distal to the 
origin of the anterior, middle and posterior cerebral arteries, which 
suggests a luminal source of nutrition. Intracranial arterial supply of 
the vertebral, basilar and internal carotid arteries were formed by ex- 
tensions of the extracranial adventitial plexus. The arterial vasa 
originated extramurally as branches of the parent artery which looped 
back and were distributed to the adventitia. 

The anatomical location of cerebral arteries was observed to be 
related to the responses to various experimental stimuli. The responses 
to similar stimuli by comparable arteries were shown also to vary with 
the type of species. 

Gurdjian et al. [45] claimed that pial vessels over the cerebral 
convexities of monkeys do not respond to mechanical stimuli. On the 
other hand, the larger vessels of the Circle of Willis of the same 
animal contract vigorously with similar stimuli [21,48,88,90,98]. In 
contradistinction, the pial arteries over the cerebral convexities of 
cats and dogs are highly and moderately reactive respectively [26 ,120)% 

The anatomic differences in the blood supply to the brain between 
man and monkey have been noted by Bonakdarpour et al. [7]. ‘This ds of 
importance because a number of experimental investigations are carried 
out with these animals. The present study used monkeys. The chief 
differences lie in the fact that both common carotid arteries in monkeys 
arise from the brachiocephalic artery and the anterior cerebral arteries 


unite to form a single pericallosal trunk. 
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13 
The anatomic location of the aneurysm may be related to the like- 
lihood of vasospasm. Maspes et al. [78] claimed that the highest proba- 
bility of vasospasm was with aneurysms situated at the carotid bifurca- 
tion (60%). This was followed in order by those of the anterior communi- 
cating (43%), posterior communicating (32%), anterior and middle cerebral 
arteries with equal percentage (30%) and the first portion of the supra- 
clinoid syphon (23%). Allcock et al. [1] and Schneck et al. [105] each 
gave somewhat different figures. It appears that there is no unanimity 
of opinion on this particular aspect. Wilkins et al. [122] showed that 
the frequency of vasospasm was slightly less in association with vertebro- 


basilar aneurysms than with aneurysms at other sites. 


3. Pathogenesis of Cerebral Vasospasm. 


There has been much conjecture as to the precise mechanism by 
which cerebral vasospasm is brought about. At one time, it was claimed 
that the contrast material used in the arteriograms could be a predis- 
posing and/or perpetuating factor [44,54,98], but this has been disputed 
by other investigators who substituted non-irritating substances as 
contrast material in their studies [1,53]. 

Since the first use of the Forbes Window [36] for direct observa- 
tion of cerebral vessels, numerous investigators have used it to study 
the effects of the direct stimuli on the cerebral vessels. Florey [35] 
described the effects of mechanical and electrical stimuli on pial 
vessels over the cerebral convexities of cats. Echlin confirmed the 
above observations but studied larger vessels [25,26]. Pool observed 
similar effects in man. Harvey and Rasmussen [48], Pool [88], Pool et 
ale [90], Raynor and Ross [98] and Corday et al. [21] described vigorous 
contraction of the larger vessels of the Circle of Willis in cats and 


monkeys on mechanical stimulation. Gillingham [39], Penfield et al. (5), 
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14 
Ecker and Riemenschneider [28], Botterell et al. [8], Johnson et al. [60] 
and Pool et al. [90] observed similar effects in man. 

In recent years, with the refinement of techniques for cerebral 
angiography evidence has accumulated associating vasospasm (particularly 
of the larger arteries of the brain) and subarachnoid hemorrhage from 
ruptured aneurysms [1,24,28,34,60,78,88,92,93,105,123]. 

Some postulated causes of vasospasm in intracranial arteries are 
as follows: 

A. Byrom [16], based on Bayliss' observations, contended that 
cerebral arteries responded by constriction to a sudden direct increase 
in intra-arterial pressure. This was criticized because it was noted 
that Bayliss' observations did not include cerebral arteries [92]. 

B, Spasm secondary to mechanical stimulation has been shown by 
Echlin [26] and Lende [76] to be independent of the sympathetic nervous 
system and mediated largely by vascular musculature. 

C. Pool [88] suggested that a neurogenic factor is also involved 
in the process, but Forbes et al. [36,37] claimed that cerebral blood 
vessels constrict only by 8 to 10% on stimulation of the cervical sympa- 
thetic nerves. 

D. Johnson et al. [60] considered physical stretching or pulling on 
subarachnoid bands by the blood in the subarachnoid space as a cause of 
vasospasm. They added that narrowing could be accentuated by distortion 
and rotation caused by the twisting of the aneurysm as it bleeds. 

E,. Extravasated blood and its subsequent breakdown products alone 
or in combination with mechanical factors [9,27,63,65,73,83,85,117,124] 
have been the subject of investigation as a major causative agent. 

Among other substances in the blood, serotonin has been considered as a 


likely factor [13,64,65,66,69,97,104,117,123,124]. 
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15 
4. Clinical Implications of Cerebral Vasospasm. 

With the occurrence of vasospasm, hemodynamic changes result in 
the area supplied by the affected vessel. The importance of blood 
pressure gradient to satisfactory tissue perfusion is well known. Its 
relationship to blood flow is a simple one. On the other hand, the brain 
has an intrinsic mechanism to maintain a constant flow in the face of 
changing pressure. Cerebral blood vessels have the ability to vary 
their diameters and consequently peripheral resistance in order to 
preserve a constant blood flow. This "autoregulation" is independent 
of nervous control [18,68,75,119]. 

In the case of pathologic vasospasm, the intrinsic and extrinsic 
controlling factors appear to be altered since adequate tissue perfusion 
may not be maintained. What remains to be clarified is the effect of 
the diminished caliber of the larger arteries on the cerebral blood flow. 
If Poiseuille's Law were applicable, the volumetric rate of blood flow 
to an area would then vary with the fourth power of the diameter of 
the supply vessel. It seems unlikely that this relationship can be 
applied directly in cerebral pathophysiology. 

Using radioactive isotopes, Hedlund (1965) calculated the cerebral 
blood flow to be 915 ml./min. as measured in twenty-five healthy men 
between the ages of 25 and 50 years. This figure is similar to that 
reported by Kety et al., in a Public Health Report in 1963. They esti- 
mated cerebral blood flow to be 62.1 ml./min./100 gm. of brain substance, 
which is equivalent to 930 ml./min. for a 1,500 gm. brain. Slightly 
lesser values were reported by Bernsmeier and Siemons (1953), with 
corresponding figures of 58 ml./min./100 gm., which is 870 ml./min. 

In the case of a cerebral artery affected with vasospasm, if Poiseuille's 


Law applies, a reduction of blood flow of 25-fold to 400-fold has been 
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16 
estimated to occur [93]. 

If such a drastic reduction in flow occurs, some other channels 
may open into the area supplied by the spastic arteries. If the vaso- 
spasm is occurring in the carotid arterial system, the vertebro-basilar 
system might be required to transmit an enormous excess of blood to 
compensate for the deficit in the anterior circulation. It has been 
shown that the basilar artery is capable of doing so, with relatively 
slight degree of dilation [93]. 

Potter [93] has presented some evidence that there is redistri- 
bution of blood from the posterior circulation to the areas supplied by 
spastic vessels of the carotid system. Since it was shown that the 
posterior communicating artery was not significantly involved in this 
redistribution, it was suggested that the leptomeningeal anastomotic 
channels are the main pathways to the fringes of the carotid territory 
[58,93]. 

All these compensatory mechanisms, aimed to restore normal circu- 
lation in the face of vasospasm, have not been satisfactorily proven to 
be effective either clinically or experimentally. However, if they 
were, morbid states could then be theoretically expected to occur if 
compensatory redistribution failed to occur. Robertson [99] concluded 
that ischemic lesions in patients with ruptured aneurysms were occasion- 
ally due to arterial spasm and that "it is probable that this mechanism 
is far commoner than realized''. Norlen and Olivecrona [82] pointed out 
the presence of vasoconstriction shortly after hemorrhage from ruptured 
aneurysm and considered this vasoconstriction to be a protective mechanism 
to prevent further hemorrhage. Fletcher et al. [34] claimed that hemi- 
plegia, coma, aphasia and other signs of neurologic deficit could result 


from impairment of circulation secondary to spasm. Logue [77] offered 
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7 
similar conclusions. Botterell et al. [8] pointed out that vasospasm 
may result in hypoxia of the brain stem and produce serious if not fatal 
cerebral edema, Hunt et al. [57] also partly attributed the diffuse 
ischemic damage of the brain to vasospasm. Pool [89] indicated the 
influence of vasospasm in the postoperative results in patients with 
subarachnoid hemorrhage secondary to ruptured intracranial aneurysm. 
Allcock et al. [1] considered arterial spasm as the main cause of post- 
operative morbidity and mortality in patients with subarachnoid hemorr- 
hage and ruptured intracranial aneurysm. Stornelli et al. [116] 
offered similar views by concluding that "diffuse intracranial vasospasm 
is a principal concomitant of fatality in patients with subarachnoid 
hemorrhage". Zingesser et al. [128], using an inert diffusible indicator 
in their study of cerebral blood flow, claimed there was a depression 
of general flow in patients with subarachnoid hemorrhage. A poor correla- 
tion was obtained between regional blood flow and the presence or absence 
of vasospasm. Patchy ischemia of the cortex and edema of the white 
mater, maximal in the territory supplied by the aneurysm-bearing vessel, 
but present throughout the cerebral hemispheres, were observed by 


Smith [15,112]. She attributed these changes primarily to vasospasm. 
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MATERIALS AND EXPERIMENTAL PROCEDURES 


A total of 6 rhesus monkeys were used in this experiment. All 
were female and varied in weight from 2.7 to 6.9 kg. They were origin- 
ally imported from India. Each of these monkeys was subjected to a 
conditioning period of about 56 days by the importing firm prior to 
delivery to The University of Alberta Health Sciences Animal Center. 

An additional 3 to 4 days were required in the new environment before 
any experiment was conducted. All animals received a standard Purina 
monkey chow with additional fresh fruit twice weekly. All animals were 
found to be free from any sign of infection or communicable disease. 
None had any form of treatment for at least 14 days prior to the start 
of an experiment. Induction of subarachnoid hemorrhage was done in 
every experiment on each animal. Cerebral arteriography was done before 
and after each induction of subarachnoid hemorrhage. Each animal under- 


went three experiments at weekly intervals. 


alge Operative Technique. 


A. Anesthesia: A pre-anesthetic agent, pentobarbital sodium 
(Nembutal), 60 mg./kg. of body weight, was given intraperitoneally about 
2 hours prior to induction of endotracheal anesthesia. Artificial ven- 
tilation was effected and respiratory rate maintained at 20 per minute 
using nitrous oxide and halothane, 0.75%; oxygen, 4 liters per minute; 


CO 175 cc./minute and D-tubocurarine, 0.2 mg./kg., given intravenously. 


ie 
B. Surgical preparation and position: Using a fine hair clipper 

fur was removed from the anterior portion of the cranium and lumbo- 

sacral areas. The subject was laid in supine position on the operating 


table, with limbs outstretched and secured. 


Sterile surgical techniques were adhered to. Tincture of 
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ziphiran was used to prepare the operative sites and standard surgical 
drapes were applied. One and a half inch skin incisions were made on 
the left inguinal area on first experiments and on the right on second 
experiments. In the third experiments, either previous incision was 
reopened depending upon which side had the most suitable length of 
femoral artery. 

Isolation of the femoral artery was done by taking into considera- 
tion its course and anatomic relations. It appears pinkish and lies 
dorsolateral to the somewhat bluish femoral vein underneath the femoral 
sheath. Excessive handling of the artery was avoided at all times to 
prevent vasospasm, which could prevent a successful catheterization. 

No hemostat forceps were applied to any segment of the femoral artery 
until catheterization was begun. 

C. Catheterization of the femoral artery: A segment about 0.5 
to 1 cm. distal to the takeoff of the profunda branch was the usual 
site of introduction, a method similar to that used by Ryan et al. [103]. 
A partially closed hemostat was applied just proximal to this site. A 
transverse incision was made in the anterior wall including half the 
circumference of the artery. No attempt to clamp the distal segment 
was made unless retrograde bleeding was excessive, since this stimulated 
the femoral artery into spasm. A siliconized no. 6 French catheter* 36 
inches long was introduced via the femoral artery to the lower segment 
of the thoracic aorta. From there, exact placement ofthe’ tip of the 
catheter was guided fluoroscopically, up to that segment of the arch of 
the aorta where the brachiocephalic artery branches cranially. The use 


of guide wires was seldom necessary. Figure 1 shows antero-posterior 


* Racath, United States Catheter and Instrument Corp., Glens Falls, N.Y. 
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20 
radiograph of a monkey demonstrating the major branches of the arch of 
the aorta. 

A test dose of 1 to 2 cc. of radiographic contrast medium* (60% 
meglumine iothalamate) was injected to verify the precise location of 
the catheter tip. Symmetrical filling of both common carotid arteries 
was considered as the criterion for proper placement of the catheter, 
although filling only of the right side was preferred. 

After termination of the experiment, the catheter was immediately 
withdrawn. Both segments of the femoral artery, proximal and distal to 
the arteriotomy were ligated with 4-0 black silk suture cut about .75 cm. 
from the last knot. This extra length of ligature facilitated location 
of the same artery on subsequent experiments. 

During the entire procedure, the catheter was kept patent by 
occasional flushing with a few drops of physiologic saline solution 


F : : t : 
with aqueous heparin sodium, 1 unit/cc. 


De Radiographic Technique. 


With the catheter tip in the brachiocephalic trunk, the animal 
was positioned to facilitate proper radiography. The head was supported 
with a nonopaque sponge which elevated it about an inch from the surface 
of the table. A well padded head holder set with an arm attachment to 
the side of the table was used to maintain position and to stabilize 
the endotracheal tubing without any manual assistance. This facilitated 
proper radiographic exposure of the entire cranium and at the same time — 
prevented undue exposure of the investigators to radiation. Figure 2 


shows the entire experimental setup. 


* Conray, Mallinckrodt Pharmaceuticals, St. Louis, Mo. 


i Riker Pharmaceutical Co. Ltd., Cooksville, Ontario. 
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An antero-posterior and lateral serial film radiography was carried 
out using a 0.6 mm. focal spot with the Elema-Shonander biplane changer. 
Film exposure was 4/sec. for 1.5 second; 2/sec. for 2 seconds and 1/sec. 
for 2 seconds. Kodak royal blue films were used and processed in the 
3.5 minute M4 Kodak processor. Exposure factors for the lateral projec- 
tion were 100 milliamperes, 1/60 second at 87 KVP, and for the antero- 
posterior projection 100 milliamperes, 1/60 second at 77 KVP. Magnifi- 
cation was kept constant at 1.3:1 for midline structures in both projec- 
tions. 

For every cerebral arteriography, 8 cc. of 60% meglumine iothala- 
mate was injected into the femoral catheter using a Cordis pressure 
injector at 400 psi. At most, 20 cc. of radiographic contrast medium 
was used in each experiment. Cerebral ateriography was done approxi- 
mately 15 minutes before and 5 minutes after the induction of subarach- 
noid hemorrhage. Each of the 6 animals underwent 3 experiments at 


weekly intervals. 


3. Induction of Subarachnoid Hemorrhage. 


A twist drill hole was made in the midline of the cranium, 0.5 
cm. from the nasion. This was performed prior to femoral catheterization. 
This same twist drill hole was subsequently used for the same purpose 
in the succeeding weekly experiments. 

A 20G x 3" thin walled, short bevelled needle was introduced 
through the twist drill hole into the subarachnoid space overlying the 
midline of the planum phenoidale. The needle was directed in such a 
way that it passed between the tips of the frontal poles as it went 
inferiorly and posteriorly. 

Accurate placement of the tip of the needle was guided radio- 


graphically. The needle was considered properly placed if it lay about 
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0.5 cm. anterior to the tuberculum sella. This final site of the tip of 
the needle was arbitrarily accepted to be anatomically in the area from 
which injected blood could easily circulate in the subarachnoid space and 
come into contact with the blood vessels to be observed. 

Four cc. of fresh autogenous arterial blood was withdrawn from 
the femoral artery. To insure that the blood was not diluted, the 
catheter was allowed to drip slowly, until the physiologic saline solu- 
tion used to keep it open was washed out completely. Induction of sub- 
arachnoid hemorrhage was accomplished by introduction of the blood 
sample through the needle originally inserted through the twist drill 
hole. Blood injection was done in 20 seconds, and the needle immediately 
withdrawn. Figure 3 shows a lateral radiograph of the monkey's head with 


the needle in proper position. 


4. Measurements. 

A Research Recorder Model PR-7, Electronics of Medicine, White 
Plains, N.Y. was used for measuring the experimental variables. 

A. Systolic and diastolic blood pressure: This was recorded 
continuously by attaching a Statham pressure transducer, Model P23 Db 
to the proximal end of the femoral catheter. This system was calibrated 
so that a 1 mm. rise in the blood pressure trace from the base line 
represented 2 mm. of Hg. 

B. Cerebrospinal fluid pressure: Lumbar punture was done 
usually at L,-S) level with the premedicated animal supported in a 
sitting position. An 18G x 2.5 thin walled needle with a teflon catheter* 


was used for this purpose. Similarly, a Statham transducer was attached 


* Longdwel Catheter (Teflon), Becton, Dickinson and Company, Rutherford, 
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26 
to this catheter for continuous recording. This input system was cali- 
brated so that 1 mm. rise of CSF pressure represented 1 mm. of Hg. 

C. Electrocardiographic recording: Tracings were done by attach- 
ing 3 standard unipolar limb leads and 3 unipolar precordial leads, 
according to the techniques described by Atta et al. [3]. 

Permanent photographic recordings of these three variables were 
taken at the start of every experiment; before and after each cerebral 
arteriogram; before and after the induction of subarachnoid hemorrhage; 
and at any time during the procedure when obvious changes were observed 
in the oscilloscope of the research recorder. 

D. pco., pH and po, determinations: Blood samples for these 
measurements were taken before every cerebral arteriogram. The same 
technique was observed as in obtaining blood for induction of subarach- 
noid hemorrhage. A blood gas analyzer, Radiometer AME-1* was routinely 
used. 

E. Temperature: Esophageal temperature was recorded, using a 
Yellow Spring's thermometer, in degrees Centrigrade. Frequency and 
sequence of measurements were the same as in (D). 

F. Measurement of diameters of the supraclinoid segment of the 
internal carotid and the proximal segment of the pericallosal arteries: 
These were made using a micrometer applied directly on the radiographic 
films viewed in the X-ray box. All measurements were taken at the middle 
of the arterial phase as shown in the serial film radiographs. Measure- 
ments were done only of right lateral views. The antero-posterior views 


served to confirm the findings on the former and prevent radiographic 


misinterpretation. 


* Astrup Micro Equipment, Radiometer, Copenhagen. 
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Inasmuch as there are two supraclinoid segments, that of the left 
and right internal carotid arteries, only the right side was used for 
our purpose. The measurement of the diameter of the proximal pericallosal 
artery was simplified in view of the fact that rhesus monkeys have only 
one pericallosal trunk. 

Comparable points for measurements on these two arteries were 
arbitrarily set up: for the supraclinoid segment of the internal carotid 
artery, measurements were done about 2 to 3 mm. superior to its commence- 
ment, while for the proximal segment of the pericallosal artery, 2 to 3 
mm. from the point of union of the left and right anterior cerebral 
arteries. The same position on the artery was used in successive weeks. 

All measurements using the micrometer were scaled to one hundredth 
of an inch. Referral to the measurements of these arteries in this 
particular unit has been avoided since we were concerned with relative 


and not absolute sizes. 
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STATISTICAL METHODS 


Evaluation of the control and observed data were carried out 
using the following statistical methods: 

A. Analysis qf variance [110,118,125,126]: The ratio between the 
square of the differences of means of the control and observed data to 
the square of the means of the observed data represents the F statistic. 
By relating the F statistic in the F distribution chart, the P value is 
obtained. The P value represents the probability that the difference 
between the control and observed data occurred by chance. 


Variance analysis is described by the F statistic where: 


r = MS_between groups Se 
MS within groups 


MS = mean square deviation 
Results of the various analyses using the above method are presented in 
a manner similar to that outlined below. 

Analysis of arterial diameter before subarachnoid hemorrhage 


over three weeks: 


ANALYSIS OF VARIANCE 


SOURCE OF VARIATION DF SS MS F P 
TOT ie 1221500 
GRP Jae 000 EOF 5007 05052, 90 2535 
WTH 15 11.500 0.766 

Where: 
TOT = total SS = sum of squares 
GRP = between groups MS = mean square 
WIH = within groups F = F statistic 
DF- = degree of freedom P = probability 
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29 
Using a 0.05-level test, F will be: F .95 (2, 15) = 3.68. 
The observed F statistic (0.652) does not exceed the critical value of 
a 0.05-level test. Therefore, the hypothesis that the diameter of the 
artertes before subarachnoid hemorrhage over the three weeks are not stg- 
ntficantly different is acceptable. 

B. Student's t-test [110,118,125,126]: The ratio between the mean 
of the differences between paired samples to the standard error of the 
mean of the differences represents the Student's factor. By relating 
the Student's factor in the Student's distribution chart, the P value 
is obtained. This represents the probability that the difference in 
the paired samples occurred by chance. The following is the formula 


for the Student's t-test used in this study: 


VC - 4)’ 
eo 
fig=t. 
sd == 
n 
—— 
Sd 
Where: 
S = standard deviation of the mean of the differences of paired samples 
d = difference between paired samples 
d = mean of the differences between paired samples 


Sd = standard error of the mean of the differences of paired samples 


3 
Il 


number of samples 

t = Student factor 

The results of the various statistical analyses using this method will 
be presented in a manner similar to that outlined below: 

Analysis of CSF pressures before and after cerebral arteriogram: 


XBAR1 XBAR2 SDEV1 SDEV2 DF i P-one tail 
eM 10.00 2.87 2.65 10 -0.191 0.426 
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Where: 
XBAR1 = mean of control samples 
XBAR2 = mean of observed samples 
SDEV1 = standard deviation of control samples 
SDEV2 = standard deviation of observed samples 
T = Student factor 


P-one tail = probability 

Using a 0.05-level test, the obtained P value indicated the hypo- 
thesis that CSF pressures before and after cerebral artertogram are not 
stgntficantly different is acceptable. 

The level of significance was arbitrarily set ata = 0.05 for all 
analyses in this study. All calculations were made using the IBM 360-67 
computer. A schematic representation of the statistical approaches to 
the accumulated data is shown in Figure 4, analyses of blood vessel 
diameters; Figure 5, analyses of the effects of experimental variables 
on arterial response to induced SAH; Figure 6, analyses of blood pressures 


and heart rates. 
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FIGURE 4 Schematic represenation of analyses of blood vessel diameters. 
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FIGURE 5 Schematic representation of analyses of the effects of experimental 
variables on arterial responses to induced SAH. 
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FIGURE 6 Schematic representation of analyses of mean blood pressures | 


and heart rates. 
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RESULTS 


1. Analyses of Blood Vessel Diameters. 


A. Analyses of blood vessel diameters before and after induction 
of SAH: 
Week IL 
Supraclitnotd segment of right tnternal carottd artery. 


ANALYSIS OF VARIANCE 


SOURCE OF VARIATION DF SS MS F P 
TOT 11 46.916 

GRP | 1 14.083 14,083 4.289 0.065 
WIH TO. 32.633Weed, 283 


Comment: There was no significant difference in the diameter of this 
blood vessel before and after induction of SAH. 
Proximal segment of pericallosal artery. 


ANALYSIS OF VARIANCE 


SOURCE OF VARIATION DF SS MS F P 
TOT LY. 524250 

GRP Hign6£7500t62750 222t483 1001251 
WITH 10 45.500 4.549 


Comment: There was no significant difference in the diameter of this 
blood vessel before and after induction of SAH. 
Week II 
Supraclinoid segment of right internal carotid artery. 
ANALYSIS OF VARIANCE 
SOURCE OF VARIATION DF ss MS F P 


TOT 41¢°323916 
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35 
GRP lat24s0839 242083122722634n0.000 
WITH LOaph8 . S83ihe 0883 
Comment: There was a significant difference in the diameter of this 
blood vessel before and after induction of SAH. 
Proxtmal segment of pericallosal artery. 


ANALYSIS OF VARIANCE 


SOURCE OF VARIATION ODF SS MS F P 
TOT 11 .42,906 

GRP 2- 24.083 243083 01227870, 03005 
WTH 10 18.6353 017883 


Comment: There was a significant difference in the diameter of this 
blood vessel before and after induction of SAH. 
Week III 
Supraclinotd segment of right perteallosal artery. 


ANALYSIS OF VARIANCE 


SOURCE OF VARIATION DF SS MS F ig 
TOF 11 46.916 

GRP 1 14.083 14.083 4.289 0.065 
WIH 10ieS826833et Gi283 


Comment: There was no significant difference in the diameter of this 
blood vessel before and after the induction of SAH. 
Proximal segment of pericallosal artery. 


ANALYSIS OF VARIANCE 


SOURCE OF VARIATION ODF ss MS F E 
ZOE 11> 68.250 

GRP 1 24.083 24.083 5.452 0.042 
WITH 10 44.166 4.416 


Comment: There was a significant difference in the diameter of this 
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36 
blood vessel before and after the induction of SAH. 
Figure 7 shows graphs of the six animals indicating the degree 
of spasm of the two observed arteries in three weeks of experimentation. 
B. Analyses of blood vessel diameters before SAH over three weeks: 
Supraclinotd segment of right pericallosal artery. 


ANALYSIS OF VARIANCE 


SOURCE OF VARIATION’ ODF Ss MS F P 
TOT 1? «225500 

GRP 2 P0008 0.500. 0..60525505535 
WTH 15. 12.500 yw0#7.66 


Comment: There was no significant difference in the diameter of this 
blood vessel over three weeks before induction of SAH. 
Proximal segment of pericallosal artery. 


ANALYSIS OF VARIANCE 


SOURCE OF VARIATION ODF SS MS F P 
TOT LIM 27.777 

GRP 2 1.444) 0.722) 0.%4%11,- 6.670 
WTH Lea o se hak eo 


Comment: There was no significant difference in the diameter of this 
blood vessel over three weeks before induction of SAH. 
C. Analyses of blood vessel diameters after SAH over three weeks: 
Supraclinotd segment of right internal carotid artery. 


ANALYSIS OF VARIANCE 


SOURCE OF VARIATION ODF Ss MS F P 
TOT iayh woke a ei 

GRP Qe Rc LLO® So Sal pd. lo) O.957 
WITH . 15 63.000 4.200 


Comment: There was no significant difference in the diameter of this 
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% CHANGE VESSEL DIAMETER 


% CHANGE VESSEL DIAMETER 


@ INTERNAL CAROTID ARTERY (SUPRACLINOID) 
@ PROXIMAL PERICALLOSAL ARTERY 


FIRST WEEK 
SUBARACHNOID HEMORRHAGE 


@ INTERNAL CAROTID ARTERY (SUPRACLINOID) 
@ PROXIMAL PERICALLOSAL ARTERY 


! 2 3 4 5 6 


SECOND WEEK 
SUBARACHNOID HEMORRHAGE 


@ INTERNAL CAROTID ARTERY (SUPRACLINOID) 
@ PROXIMAL PERICALLOSAL ARTERY 


THIRD WEEK 
SUBARACHNOID HEMORRHAGE 


BIGURES/ 


Fe 


I 


c- 


4, 
$ 
mvs i 
= . 
a - “¥ 


(QIOMLIDA RZ) YAITAA . atrosa yaveatn @ 
YAITAA JACOMADIAIS JAMIKOR 


> 


ae 
= 

” come ee 
- 


7 e. 
& 
— 

a 


ee 


7 


v 


P 4 


CE AE22EF DI 


q3w T299 =e ae 


JOAHAAC Mae COW DARASY2 F 
(QtOwl JD A AGU) YAITAA G ITORAD iAMBATH @ OS & 
¥ RITIA JAZO LADS 14 JAMIXORY @ doe 
: “ " = i. 
sf ae ; > 
>= y- ee 
- - 
ye hy Le 
< 
a 6 
x 
cle 3 
5 of a “ 


Aw qa : 
JOAHAROMBH. CIOMIDARABUE . 
(GIOVIJDAAIU2) YRITRA GITOBAD JAMRITHI © “308 
YRITRA JACOLMADINGT eae 4or 


.: — freee 
-£ € 


‘\ 


38 
blood vessel over three weeks after induction of SAH. 
Proximal segment of pericallosal artery. 


ANALYSIS OF VARIANCE 


SOURCE OF VARIATION DF SS MS F r 
TOT 17 84.500 

GRP 2 22. 35ant] M1L66esOn2b2 £20 5821 
WTH Lames2eb66ri57477 


Comment: There was no significant difference in the diameter of this 
blood vessel over three weeks after induction of SAH. 

D. Analyses of degrees of response of blood vessels to SAH over 
three weeks: 

Supraclinoid segment of right internal carotid artery. 
ADJUSTED ANALYSIS OF VARIANCE 
SOURCE OF VARIATION DF - MS ADJ F e 
GRP 2 0.765. sO82046410.815 
WIH 14 3.748 
Comment: There was no significant difference in the degree of response 
of this blood vessel to induced SAH over three weeks. 

Proxtmal segment of pericallosal artery. 
ADJUSTED ANALYSIS OF VARIANCE 
SOURCE OF VARIATION DF MS ADJ F Pp 
GRP 2 2.484 0.494 0.620 
WITH L4ty5 i022 
Comment: There was no significant difference in the degree of response 
of this blood vessel to induced SAH over three weeks. 

E. Analysis of difference of degrees of response of supraclinoid 
segment of right internal carotid and proximal segment of pericallosal 


arteries to induced SAH: 
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Week I 
ADJUSTED ANALYSIS OF VARIANCE 
SOURCE OF VARIATION DF - MS ADJ F EP 
GRP Ll. OvL70""° 37603 0.666 
WTH 9 55686 
Comment: There was no significant difference in the degree of response 
to induced SAH between the two arteries. 
Week II 
ADJUSTED ANALYSIS OF VARIANCE 
SOURCE OF VARIATION DF MS ADJ F i 
GRP LO eLOOM Se. C9 Or ooz 
WTH | 9 2.852 
Comment: There was no significant difference in the degree of response 
to induced SAH between the two arteries. 
Week III 
ADJUSTED ANALYSIS OF VARIANCE 
SOURCE OF VARIATION DF MS ADJ F My 
GRP MeO.) 23 - ol. 496" 40.9971: 
WTH 9 4.486 
Comment: There was no significant difference in the degree of response 
to induced SAH between the two arteries. 
Figures 8 and 9 show lateral arteriograms taken before and after 
induction of SAH respectively. Figures 10 and 11 show antero-posterior 


arteriograms taken before and after induction of SAH respectively. 


2. Analysis of experimental variables. 
A. pco,: 


i. Analyses of pco, values during first and second arteriograms. 
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FIGURE 9 
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FIGURE 10 
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FIGURE 11 


ANALYSIS OF VARIANCE 


44 


Week I F= 1.745 P = 0.216 

Comment: There was no significant difference of pco., values during the 
first and second arteriograms. 

Week II Fi= 225426 Po= 02876 


Comment: There was no significant difference of pCO 
first and second arteriograms. 
Week III F = 0.597 P = 0.457 
Comment: There was no significant difference of pco., 
first and second arteriograms. 

ii. Analysis of pco,, 
ANALYSIS OF VARIANCE F-= 0.680 P= 0.519 
Comment: There was no significant difference of pco, values at the 
time of first arteriograms over three weeks. 


iii. Analysis of pCO, values at second arteriograms over three 


Z 
weeks. 
ANALYSIS OF VARIANCE F = 0.630 P = 0.547 
Comment: There was no significant difference of pco,, values at the 
time of second arteriograms over three weeks. 
iv. Analyses of degrees of change of vessel diameters with pco,, 
as control. 
Week I 

Control: mean pco, = 51.416 mm. Hg 

Observed: mean pco,, = 47,333 mm. Hg 

Supraclinotd segment of right internal carotid artery. 


ADJUSTED ANALYSIS OF VARIANCE 


49289 sea 


UNADJUSTED F 0.065 (pco., effect not considered) 


4.588 P 0.061 (pCO. as control) 


ADJUSTED F 


9 values during the 


values during the 


values at first arteriograms over three weeks. 
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45 
Comment: The pCco,, effect on the diameter of this blood vessel was towards 
vasoconstriction. 


Proximal segment of pertcallosal artery. 


ADJUSTED ANALYSIS OF VARIANCE 


UNADJUSTED F = 1.483 P= 0.251 (pCO, effect not considered) 


ADJUSTED F 


OF999 VAP 


0.344 (pCO, as control) 


2 
Comment: The pco,, effect on the diameter of this blood vessel was towards 
vasodilation. 
Week II 

Control: mean pco,, = 45.916 mm. Hg 

Observed: mean pco,, = 46.583 mm. Hg 

Supraclinoid segment of right internal carotid artery. 
ADJUSTED ANALYSIS OF VARIANCE 


UNADJUSTED F Ze2ose 


0.000 (pCco., effect not considered) 


ADJUSTED F 24.484 P 


Il 
i] 


0.001 (pco,, as control) 


Comment: The pco, effect on the diameter of this blood vessel was towards 


vasadilation. 
Proximal segment of pertcallosal artery. 
ADJUSTED ANALYSIS OF VARIANCE 


o22787 P effect not considered) 


UNADJUSTED F 


0.005 (pco, 


as control) 


11.698 P= 0.008 (pco 


ADJUSTED F 


2 


Comment: The pco, effect on the diameter of this blood vessel was towards 


vasodilation. 
Week III 
Control: mean pco. = 47.666 mm. Hg 
Observed: mean pco, = 44,083 mm. Hg 


Supraclinotd segment of right pertcallosal artery. 


ADJUSTED ANALYSIS OF VARIANCE 
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UNADJUSTED F = 4.289 P = 0.065 (pCO, effect not considered) 
ADJUSTED F = 4.588 P= 0.061 (pCO, as control) 
Comment : 


The pco,, effect on the diameter of this blood vessel was towards 


vasoconstriction. 


Proximal segment of pericallosal artery. 


ADJUSTED ANALYSIS OF VARIANCE 


UNADJUSTED F 


ADJUSTED F 


Comment: 


5.452" oP 


0.042 (pCO, effect not considered) 


57939segP 


0.038 (pco,, as control) 


The pco, effect on the diameter of this blood vessel was towards 


vasoconstriction. 


B. 


: 


Week I 


Comment: 


pH: 


Analyses of pH values during first and second arteriograms. 


ANALYSIS OF VARIANCE 
F = 0.283. P = 0.606 


There was no significant difference of pH values during the 


first and second arteriograms. 


Week II 


Comment: 


Fe=80.838troP/= 0.383 


There was no significant difference of pH values during the 


first and second arteriograms. 


Week III 


Comment: 


F= 5.154 P = 1.000 


There was no signficant difference of pH values during the 


first and second arteriograms. 


fi. 


ANALYSIS 


Comment: 


Analysis of pH values at first arteriograms over three weeks. 


OF VARIANCE F = 1.630 P = 0.229 


There was no significant difference of pH values at the time 


of first arterigrams over three weeks. 


fit: 


ANALYSIS 


Analysis of pH values at second arteriograms over three weeks. 


OF VARIANCE F = 2.230 P = 0.142 
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There was no significant difference of pH values at the time 


of second arteriograms over three weeks. 


iv. 


control. 


Control: mean pH 


Analyses of degrees of change of vessel diameters with pH as 


Week I 


fer eeue 


Observed: mean pH = 7.334 


Supraclinotd segment of right internal carotid artery. 


ADJUSTED ANALYSIS OF VARIANCE 


UNADJUSTED F = 4.289 P = 0.065 (pH effect not considered) 

ADJUSTED F = 6.129 P = 0.035 (pH as control) 

Comment: The pH effect on the diameter of this blood vessel was towards 
vasoconstriction. 


Proximal segment of pertcallosal artery. 


UNADJUSTED ANALYSIS OF VARIANCE 


UNADJUSTED F = 1.483 P=0.251 #£(pH effect not considered) 

ADJUSTED F <515201 Pt=80 7301 (pH as control) 

Comment: The pH effect on the diameter of this blood vessel was towards 
vasodilation. 


Week IL 


Control: mean pH = 7.381 


Observed: mean pH = 7.358 


Supnaclinoid segment of right internal carotid artery. 


ADJUSTED ANALYSIS OF VARIANCE 


UNADJUSTED F 


0.000 (pH effect not considered) 


277205 e5) 2 


ADJUSTED F = 26.188 P= 0.001 (pH as control) 


Comment: The pH effect on the diameter of this blood vessel was towards 


vasodilation. 
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48 
Proxtmal segment of pericallosal artery. 


ADJUSTED ANALYSIS OF VARIANCE 


UNADJUSTED F = 12.787 P 


0.005 (pH effect not considered) 


ADJUSTED F 


I 


1O861i%o SP 


0.010 (pH as control) 
Comment: The pH effect on the diameter of this blood vessel was towards 
vasodilation. 
Week IIT 
Control: mean pH = 7.413 
Observed: mean pH = 7.406 
Supraclinotd segment of right internal carotid artery. 


ADJUSTED ANALYSIS OF VARIANCE 


UNADJUSTED F = 4.289 Pp 


0.065 (pH effect not considered) 


ADJUSTED F 


3.824 P = 0.082 (pH as control) 
Comment: The pH effect on the diameter of this blood vessel was towards 
vasodilation. 

Proxtmal segment of pertcallosal artery. 


ADJUSTED ANALYSIS OF VARIANCE 


UNADJUSTED F = 5.452 P = 0.042 (pH effect not considered) 


ADJUSTED F 4.899. P =0.054 (pH as control) 


Comment: The pH effect on the diameter of this blood vessel was towards 


vasodilation. 
C. po,: 
i. Analyses of po, values during the first and second arteriograms. 
ANALYSIS OF VARIANCE 
Week I F = 2.392 P = 0.880 
Comment: There was no significant difference of po. values during the 


first and second arteriograms. 


Week II F = 0.115 P= 0.741 
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Comment: There was no significant difference of pO, values during the 


Z 


first and second arteriograms. 
Week III Res, 027834 “P= 0.382 


Comment: There was no significant difference of pO, values during the 


2 
first and second arteriograms. 
ii. Analysis of po, values at first arteriograms over three weeks. 
ANALYSIS OF VARIANCE F = 0.830 P = 0.455 
Comment: There was no significant difference in the po, values at the 
time of first arteriograms over three weeks. 
iii. Analysis of po. values at second arteriograms over three weeks. 
ANALYSIS OF VARIANCE F = 2.300 P= 0.134 
Comment: There was no significant difference of po, values at the time 
of second arteriograms over three weeks. 
iv. Analyses of degrees of change of vessel diameters with po, as 
control. 
Week I 
Control: mean po, = 298.500 
Observed: mean po. = 305.00 
Supraclinotd segment of right internal carotid artery. 


ADJUSTED ANALYSIS OF VARIANCE 


Ge20o er 


UNADJUSTED F 


0.065 (pO. effect not considered) 


ADJUSTED F = 3.830 P = 0.082 (po, as control) 


Comment: The po, effect on the diameter of this blood vessel was towards 


vasodilation. 
Proximal segment of pericallosal artery. 


ADJUSTED ANALYSIS OF VARIANCE 


UNADJUSTED F = 1.483 P= 0.251 (pO, effect not considered) 


ADJUSTED -F ~ =°2.167 P= 0.175 (po, as control) 
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Comment: The po, effect on the diameter of this blood vessel was towards 


vasoconstriction. 
Week IL 
Control: mean po. = 339.166 mm. Hg 
Observed: mean po. = 345.833 mm. Hz 


Supraclinotd segment of right internal carotid artery. 


ADJUSTED ANALYSIS OF VARIANCE 


UNADJUSTED F = 27.263 P = 0.000 (pO, effect not considered) 


ADJUSTED F 24.252 P 


0.001 (pO. as control) 
Comment: The po. effect on the diameter of this blood vessel was towards 
vasodilation. 
Proximal segment of pertcallosal artery. 
ADJUSTED ANALYSIS OF VARIANCE 
UNADJUSTED F = 12.787 P = 0.005 (po, effect not considered) 


ADJUSTED F Lpvsco* P 


0.007 (pO, as control) 


Comment: The po, effect on the diameter of this blood vessel was towards 


vasodilation. 


Week IIL 


Control: mean po, 334.333 mm. Hg 


Observed: mean po, 356.666 mm. Hg 
Supraclinoid segment of right internal carotid artery. 


ADJUSTED ANALYSIS OF VARIANCE 


4289" ¢P 


UNADJUSTED F 0.065 (pO, effect not considered) 


3.024 P 


ADJUSTED F 06116 (pO, as control) 


Comment: The po, effect on the diameter of this blood vessel was towards 
vasodilation. 
Proximal segment of pericallosal artery. 


ADJUSTED ANALYSIS OF VARIANCE 
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51 
UNADJUSTED F = 5.452 P 


0.042 (po, effect not considered) 
ADJUSTED F = 4,120 P = 0.073 (p0., as control) 
Comment: The po, effect on the diameter of this blood vessel was towards 
vasodilation. 
D. Temperature: 

i. Analyses of temperature readings during the first and second 

arteriograms. 
ANALYSIS OF VARIANCE 

Week I Bus ls 50 fo Pom 0.235 
Comment: There was no significant difference of temperatures during 
the first and second arteriograms. 
Week II . F=0.582 P = 0.463 
Comment: There was no significant difference of temperatures during 
the first and second arteriograms. 
Week III Boat 0.127. Pos 0.428 
Comment: There was no significant difference of temperatures during 
the first and second arteriograms. 

ii. Analysis of temperature readings at first arteriograms over 
three weeks. 
ANALYSIS OF VARIANCE F=1.000 P = 0.392 
Comment: There was no significant difference of temperatures at the 
time of first arteriograms over three weeks. 

iii. Analysis of temperature readings at second arteriograms over 
three weeks. 
ANALYSIS OF VARIANCE F=0.190 P = 0.832 
Comment: There was no significant difference of temperatures at the 
time of second arteriograms over three weeks. 


iv. Analysis of degrees of change of vessel diameters with 
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52 
temperature as control. 
Week I 
Control: mean temperature = 34.541°C 
Observed: mean temperature = 33.333°C 
Supraclinotd segment of right internal carotid artery. 
ADJUSTED ANALYSIS OF VARIANCE 


UNADJUSTED F 4,289 ( 


0.065 (temperature effect not considered) 


ADJUSTED F = 4.582 P 


0.061 (temperature as control) 
Comment: The temperature effect on the diameter of this blood vessel 
was towards vasoconstriction. 

Proximal segment of pertcallosal artery. 


ADJUSTED ANALYSIS OF VARIANCE 


UNADJUSTED F = 1.483 P = 0.251 (temperature effect not considered) 


ADJUSTED F = 3.657 P 


0.088 (temperature as control) 
Comment: The temperature effect on the diameter of this blood vessel 
was towards vasoconstriction. 
Week IT 

Control: mean temperature = 33.349°C 

Observed: mean temperature = 32.791°C 

Supraclinotd segment of right internal carotid artery. 
ADJUSTED ANALYSIS OF VARIANCE 


ZLe20s P 0.000 (temperature effect not considered) 


UNADJUSTED F 


ADJUSTED F 23.008 P= 0.001 (temperature as control) 


Comment: The temperature effect on the diameter of this blood vessel 
was towards vasodilation. 
Proximal segment of pertcallosal artery. 


ADJUSTED ANALYSIS OF VARIANCE 


UNADJUSTED F = 12.787 P = 0.005 (temperature effect not considered) 


Pas be § 
Eitagg ES tere | 

’ err aa 
D7[az Ee © aril os +for. 74009 © rien = 

, - “i 
9°fE6 £6. = Ss 38 oqm 89 amber tbaviadd 2 sara 
as ‘s - ' get 

biteme Jometes digst to tnenges” bion: Hepp 


a 
SOA CAAT. 0 atertA wa “ostex rea 
7 


2ucCA 


3ot Joat?: ory aT 9qaes) 230.0 » ¢ eas. a = warren oe 
lowdno siussyeqas?) [00,0 = 9 S8E.8 = tare "= 


boold ald? to 1sJemsth bdd ao Jost?s sxutateqmed edt + 9mseumad 
i pane ' o" ~~ 
70) Er3enoooRnV ebs ay  aBw 
wets Ineoldieiveq Yo Jkemnged Sinton = 
A Saree 
SOWALAAV IO BTAYIAMA GATS 


. ‘ me e —— °e eo 
(5S ts: 705 Jon 2DSiis swIsisee st) 523.0 o @ cea.t a § 


, Pt or , a é 
(Lotind. ok etuisiegess) FRR’ T Vee, eT 
, " 


[saesv Goold ati? te tadamatb gid ag tos tte eituJeteqmes | oat. nomi Du 
ag 
4 


. nol -to2%3 efese aay ‘abyet ae" RW 


_ 
al. a 
a5 


i 


it. doa _ : a : 
nod 
a 


pe. 


' J°ChE EE = oupgeteqnes aad tLo 
- 


»° et Sf & Swintsqms geen sewer» 

\gistio bitorpo Sheath aAghe hs Ensmges penton iy 
a ad a we, 

; et iiamaaieeis el — AA OaTae A 
y 


f0D 32300 25Ssiie osuseveques) | “o00. C= tats toe ve = aut) 
en es Stvgats qusdy "ons 0 = « ¢ — «B00. ey = “aaa au Ld, 


il ay ; 


tesasy boold anda to goJamath Po 9 sean ca 1s ot i" 


7 _ as 


ADJUSTED F = 10.781 P = 0.009 (temperature as control) 
Comment: The temperature effect on the diameter of this blood vessel 
was towards vasodilation. 
Week III 

Control: mean temperature = 33.433°C 

Observed: mean temperature = 33.066°C 

Supraelinotd segment of right internal carotid artery. 
ADJUSTED ANALYSIS OF VARIANCE 


UNADJUSTED F = 4.289 P 


0.065 (temperature effect not considered) 


ADJUSTED F = 4,424 P 


0.065 (temperature as control) 
Comment: The temperature change had no effect on the diameter of this 
blood vessel. 
Proxtmal segment of peritcallosal artery. 
ADJUSTED ANALYSIS OF VARIANCE 


UNADJUSTED F = 5.452 Pp. 


0.042 (temperature effect not considered) 
ADJUSTED F = 5.344 P = 0.046 (temperature as control) 
Comment: The temperature effect on the diameter of this blood vessel 
was towards vasodilation. 

E. Blood pressure: 

i. Analyses of mean blood pressures during the first and second 
arteriograms. 
ANALYSIS OF VARIANCE 

Week I Eee cQes24amePes 0.459 
Comment: There was no significant difference of mean blood pressures 
during the first and second arteriograms. 
Week II F= 0.226 P = 0.645 
Comment: There was no significant difference of mean blood pressures 


during the first and second arteriograms. 
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54 
Week III Fo='05,140amePee 07715 
Comment: There was no significant difference of mean blood pressures 
during the first and second arteriograms. 
ii. Analysis of mean blood pressures at first arteriograms over 
three weeks. 
ANALYSIS OF VARIANCE F = 0.340 P= 0.719 
Comment: There was no significant difference in mean blood pressures 
at the time of first arteriograms over three weeks. 
iii. Analysis of mean blood pressures at second arteriograms over 
three weeks. 
ANALYSIS OF VARIANCE F=0.120 P = 0.885 
Comment: There was no significant difference in mean blood pressures 
at the time of second arteriograms over three weeks. 
iv. Analyses of degrees of change of vessel diameters with blood 
pressure as control. 
Week I 
Control: mean blood pressure = 65.996 mm. Hg 
Observed: mean blood pressure = 58.996 mm. Hg 
Supraclinotd segment of right internal carotid artery. 


ADJUSTED ANALYSIS OF VARIANCE 


UNADJUSTED F = 4.289 P= 0.065 (blood pressure effect not considered) 


ADJUSTED F = 235539 P 0.093 (blood pressure as control) 
Comment: The blood pressure effect on the diameter of this blood 
vessel was towards vasodilation. 

Proximal segment of pericallosal artery. 
ADJUSTED ANALYSIS OF VARIANCE 


1.483 P = 0.251 (blood pressure effect not considered) 


UNADJUSTED F 


0.169 (blood pressure as control) 


ADJUSTED F = 2.239 P 
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Comment: The blood pressure effect on the diameter of this blood 
vessel was towards vasoconstriction. 
Week II 
Control: mean blood pressure = 57.608 mm. Hg 
Observed: mean blood pressure = 62.053 mm. Hg 
Supracltnotd segment of right internal carotid artery. 
ADJUSTED ANALYSIS OF VARIANCE 


UNADJUSTED F 


Pad beg Ph TAN 9) 


0.000 (blood pressure effect not considered) 


ADJUSTED F 31.918 P= 0.000 (blood pressure as control) 
Comment: The blood pressure change had no effect on the diameter of 
this blood vessel. 

Proximal segment of pertcallosal artery. 
ADJUSTED ANALYSIS OF VARIANCE 


UNADJUSTED F = 12.787 P = 0.005 (blood pressure effect not considered) 


ADJUSTED F 11.096 P 0.009 (blood pressure as control) 
Comment: The blood pressure effect on the diameter of this blood 
vessel was towards vasodilation. 
Week III 
Control: mean blood pressure = 61.661 mm. Hg 
Observed: mean blood pressure = 57.884 mm. Hg 


Supraclinoid segment of right internal carotid artery. 


ADJUSTED ANALYSIS OF VARIANCE 


UNADJUSTED F = 4.289 P 0.065 (blood pressure effect not considered) 
ADJUSTED F = 4.528 P= 0.062 (blood pressure as control) 

Comment: The blood pressure effect on the diameter of this blood 
vessel was towards vasoconstriction. 


Proximal segment of pericallosal artery. 


ADJUSTED ANALYSIS OF VARIANCE 
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UNADJUSTED F 5a452 P 


0.042 (blood pressure effect not considered) 


ADJUSTED F 


©3697 YAR 


0.030 (blood pressure as control) 
Comment: The blood pressure effect on the diameter of this blood 
vessel was towards vasoconstriction. 

F. CSF pressure: 

i. Analyses of CSF pressures during the first and second arterio- 
grams. 
ANALYSIS OF VARIANCE 
Week I F.= 4.900%. P»= 0.051 
Comment: There was a significant difference of CSF pressures during 
the first and second arteriograms. 
Week II ; F = 5.680 P = 0.038 
Comment: There was a significant difference of CSF pressures during 
the first and second arteriograms. 
Week III Fea eae 02219 
Comment: There was no significant difference in CSF pressures during 
the first and second arteriograms. 
ii. Analyses of degrees of change of vessel diameters with CSF 
pressure as control. 
Week I 

Control: mean CSF pressure = 9.666 mm. Hg 

Observed: mean CSF pressure = 22.666 mm. Hg 

Supraclinotd segment of right internal carotid artery. 
ADJUSTED ANALYSIS OF VARIANCE 


4.289 P = 0.065 (CSF pressure effect not considered) 


UNADJUSTED F 


11.509 P= 0.008 (CSF pressure as control) 


ADJUSTED F 


Comment: The CSF pressure effect on the diameter of this blood vessel 


was towards vasoconstriction. 
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Proxtmal segment of pericallosal artery. 
ADJUSTED ANALYSIS OF VARIANCE 


UNADJUSTED F = 1.483 P 


0.251 (CSF pressure effect not considered) 


ADJUSTED F = 2.813 P 


0.128 (CSF pressure as control) 
Comment: The CSF pressure effect on the diameter of this blood vessel 


was towards vasoconstriction. 


Week II 


Control:. mean CSF pressure = 10.000 mm. Hg 
Observed: mean CSF pressure = 39.166 mm. Hg 


Supraecltnotd segment of right tnternal carotid artery. 


ADJUSTED ANALYSIS OF VARIANCE 


UNADJUSTED F = 27.263 P= 0.000 (CSF pressure effect not considered) 
ADJUSTED F = 17.906 P= 0.002 (CSF pressure as control) 
Comment: The CSF pressure effect on the diameter of this blood vessel 
was towards vasodilation. 

Proximal segment of pertcallosal artery. 
ADJUSTED ANALYSIS OF VARIANCE 


12.787 P= 0.005 (CSF pressure effect not considered) 


UNADJUSTED F 


i} 
ii 


ADJUSTED F 6.277. P= 0.034 (CSF pressure as control) 
Comment: The CSF pressure effect on the diameter of this blood vessel 
was towards vasodilation. 
Week IIL 
Control: mean CSF pressure = 12.166 mm. Hg 
Observed: mean CSF pressure = 29.833 mm. Hg 


Supraclinoid segment of right internal carotid artery. 


ADJUSTED ANALYSIS OF VARIANCE 


UNADJUSTED F = 4.289 P=.0.065 (CSF pressure effect not considered) 


0.177. (CSF pressure as control) 
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ADJUSTED F 
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Comment: The CSF pressure effect on the diameter of this blood vessel 
was towards vasodilation. 

Proximal segment of pericallosal artery. 
ADJUSTED ANALYSIS OF VARIANCE 


UNADJUSTED F 5.452 P 


0.042 (CSF pressure effect not considered) 


ADJUSTED F 30033 48 5 


Il 
Il 


0.089 (CSF pressure as control) 
Comment: The CSF pressure effect on the diameter of this blood vessel 


was towards vasodilation. 


3. Related Observations. 
Blood Pressure: 
Blood pressure recordings were made consecutively before and after 
the first arteriogram, the induction of SAH and the second arteriogram. 


A. Analyses of mean blood pressures before and after the first 


arteriograms. 

Week I (T - TEST) 
XBAR1 XBAR2 SDEV1 SDEV2 DF ir P-one tail 
66.00 52.21 r3e30 10.07 10 12939 0.047 


Comment: There was a significant difference of mean blood pressures 
before and after first arteriograms. 

Week II (T - TEST) 
XBAR1 XBAR2 SDEV1L SDEV2 DF a P-one tail 
57.66 Bolt BY ay Bs G91 10 Zclot 0.009 
Comment: There was a significant difference of mean blood pressures 
before and after first arteriograms. 

Week III (T - TEST) 
XBAR1 XBAR2 SDEV1 SDEV2 DF ak P-one tail 


61.66 43.49 Ng eye tl FosUG 10 1.887 0.044 
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Comment: There was a significant difference of mean blood pressures 
before and after first arteriograms. 
Figure 12 shows a cumulative frequency graph of the six animals 
indicating the blood pressure changes after the first arteriogram in three 
weeks of experimentation. 


B. Analyses of mean blood pressures before and after induction 


of SAH. 

Week I (T - TEST) 
XBAR1L XBAR2 SDEVL SDEV2 DF AE P-one tail 
58.00 66.11 6.89 13.96 10 -1.165 0.235 


Comment: There was no significant difference of mean blood pressures 
before and after induction of SAH. 
Week IE (TI -— TEST) 


XBAR1 XBAR2 SDEV1 SDEV2 DF T P-one tail 
44,88 74.32 14.06 12°78 10 -3.465 0.003 


Comment: There was a significant difference of mean blood pressures 
before and after induction of SAH. 
Week III (1 - TEST) 


XBAR1 XBAR2 SDEV1 SDEV2 DF ik P-one tail 
Seem 63.44 1330 Ianto 10 -0.982 0.174 


Comment: There was no significant difference of mean blood pressures 
before and after induction of SAH. 

Figure 13 shows a cumulative frequency graph of the six animals 
indicating the blood pressure changes after induction of SAH in three 


weeks of experimentatipn. 


C. Analyses of mean blood pressures before and after second 


arteriogram. 
Week I (T - TEST) 
XBAR1 XBAR2 SDEV1 SDEV2 DF fi P-one tail 


59.00 46.77 15.34 L7edZ 10 1.166 0,155 
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MEAN BLOOD PRESSURE (mm. Hg.) 


FIRST ARTERIOGRAM 
(B- BEFORE, A- AFTER) 
@ FIRST WEEK 
4SECOND WEEK 
eTHIRD WEEK 


FIGURE 12 
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MEAN BLOOD PRESSURE (mm. Hg.) 


SUBARACHNOID 
HEMORRHAGE 


(B-BEFORE, A- AFTER) 


@ FIRST WEEK 
4SECOND WEEK 
® THIRD WEEK 
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Comment: There was no significant difference of mean blood pressures 
before and after second arteriogram. 

Week II (T - TEST) 
XBAR1 XBAR2 SDEV1 SDEV2 DF 1 P-one tail 
62.05 41.89 11303 8.09 10 eepes 0.004 
Comment: There was a significant difference of mean blood pressures 
before and after second arteriogram. 

Week III (T - TEST) 
XBAR1 XBAR2 SDEV1 SDEV2 DF iT P-one tail 
57.88 46.33 14.62 13341 10 Ta02 O;1EL 
Comment: There was no significant difference of mean blood pressures 
before and after second arteriogram. 

Figure 14 shows a cumulative frequency graph of the six animals 
indicating the blood pressure changes after the second arteriogram in 
three weeks of experimentation. In spite of the graphic representation 
of blood pressure changes in the first and third weeks, this was not 
statistically significant. 

D. Analyses of degrees of change of mean blood pressures after 
first arteriogram, induction of SAH and second arteriogram. 

Week I 

ADJUSTED ANALYSIS OF VARIANCE - ADJUSTED F = 10.234 P = 0.002 
Comment: There was a significant difference of degree of change of 
mean blood pressures immediately after the first arteriogram, induction 
of SAH and second arteriogram. 

ADJUSTED MEANS 
After first arteriogram - 47.51 mm. Hg 
After SAH - 68.96 mm. Hg 


After second arteriogram - 48.68 mm. Hg 
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MEAN BLOOD PRESSURE (mm. Hg.) 


SECOND ARTERIOGRAM 
(B-BEFORE, A-AFTER) 


@ FIRST WEEK 
4 SECOND WEEK 
® THIRD WEEK 


FIGURE 14 
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Week II 
ADJUSTED ANALYSIS OF VARIANCE - ADJUSTED F = 27.099 P = 0.000 
Comment: There was a significant difference of degree of change of 
mean blood pressures immediately after the first arteriogram, induction 
of SAH and second arteriogram. 
ADJUSTED MEANS 
After first arteriogram - 33.08 mm. Hg 
After SAH - 76.82 mm. Hg 
After second arteriogram -— 40.08 mm. Hg 
Week III 
ADJUSTED ANALYSIS OF VARIANCE - ADJUSTED F = 10.452 P = 0.002 
Comment: There was a significant difference of degree of change of 
mean blood pressures immediately after the first arteriogram, induction 
of SAH and second arteriogram. 
ADJUSTED MEANS 
After first arteriogram - 41.24 mm. Hg 
After SAH - 65.41 mm. Hg 
After second arteriogram - 46.60 mm. Hg 
E. Analysis of mean blood pressures before first arteriogram 
over three weeks. 
ANALYSIS OF VARIANCE F = 0.336 P = 0.720 
Comment: There was no significant difference of mean blood pressures 
before first arteriogram over three weeks. 
F. Analysis of mean blood pressures after first arteriogram 
over three weeks. 
ANALYSIS OF VARIANCE F = 0.401 P = 0.040 
Comment: There was a significant difference of mean blood pressures 


after first arteriogram over three weeks. 
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65 
G. Analysis of degrees of change of mean blood pressures after 
first arteriogram over three weeks. 
ADJUSTED ANALYSIS OF VARIANCE - ADJUSTED F = 6.533 P = 0.010 
Comment: There was a significant difference of degree of change of 
mean blood pressures after first arteriogram over three weeks. 
ADJUSTED MEANS 
Week “I. - = 50.03 mm. Hg 
Week II - 35.96 mm. Hg 
Week III - 43.54 mm. Hg 
H. Analysis of mean blood pressures before induction of SAH over 
three weeks. 
ANALYSIS OF VARIANCE F = 1.706 P = 0.215 
Comment: There was no significant difference of mean blood pressures 
before induction of SAH over three weeks. 
I. Analysis of mean blood pressures after induction of SAH over 
three weeks. 
ANALYSIS OF VARIANCE F = 0.203 P = 0.818 
Comment: There was no significant difference of mean blood pressures 
after induction of SAH over three weeks. 
J. Analysis of degrees of change of mean blood pressures after 
induction of SAH over three weeks. 
ADJUSTED ANALYSIS OF VARIANCE - ADJUSTED F = 5.863 P = 0.943 
Comment: There was no significant difference of degree of change of 
mean blood pressures after induction of SAH over three weeks. 


K. Analysis of mean blood pressures before second arteriogram 


over three weeks. 
ANALYSIS OF VARIANCE F = 0.122 P = 0.886 


Comment: There was no significant difference of mean blood pressures 
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before second arteriograms over three weeks. 


L. Analysis of mean blood pressures after second arteriogram 


over three weeks. 
ANALYSIS OF VARIANCE F= 0.195 P = 0.824 
Comment: There was no significant difference of mean blood pressures 
after second arteriogram over three weeks. 

M. Analysis of degrees of change of mean blood pressures after 
second arteriogram over three weeks. 
ADJUSTED ANALYSIS OF VARIANCE - ADJUSTED F = 1.233. P = 0.321 
Comment: There was no significant difference of degree of change of 
mean blood pressures after second arteriogram over three weeks. 

Heart Rates 

Recordings of heart rates were made before and after first 
arteriogram, induction of SAH and second arteriogram. 

A. Analyses of heart rates before and after first arteriogram. 

Week I (T - TEST) 
XBAR1 XBAR2 SDEV1 SDEV2 DF it P-one tail 
1239733 13333 12.47 10.67 10 0.681 O22o5 
Comment: There was no significant difference of heart rates before and 
after first arteriogram. 
Week II (I - TEST) 
XBAR1 XBAR2 SDEV1 SDEV2 DF T P-one tail 
120.00 106.67 le Bos 9.43 _10 2.00 0.036 
Comment: There was a significant difference of heart rates before and 
after first arteriogram. 
Week III (1 - TEST) 

XBAR1 XBAR2 SDEV1 SDEV2 DF T P-one tail 


115.00 LEY67 9 279 LESTE 10 0.268 0.396 


3 ‘ ’ 
: é 


~ 


argotast Dred * st 3 t# aezne an oe lade a we Le dssiiihe 
: i {@ 
nm 


> = v1 


iS seam 20 9one79l Lib gasoltingle ons aw stadt 


9 to ‘Bastgsb’ to eleyianh .M s 
rosa bao: 


c9e.0 =F E€fS.1 =~ 1 GaTaUteA + SOMATBAY a0 @12YIABA om av ” 


relasw serd3 tev0 msrgot 


to soneye?2 rm Jagoktiegia on sew sveiT ‘jase 


<_< 


ssiiz revo mstgolies7e babsse tetts astweestq) bool ds meee 

1 - 5 2 : @ 7 : i 

| | se 

| ) . eta 

shat St6w tedBe 34n0d Bo en 
23% bnosde basHAR-2p ackiout . se 

oa baw HAG tp aottoubat saat gon mn 

a 

23is6 bos oteled sega -Jeaed to annie A 
(T2aT = 2) taesw “e 

— _ ie 

fies eno= r ia Rvate vices GAAS 
‘ ‘ ™~ . 


af 0 RQvOR-. Skat eeupRt 


- 


dex tined Yo sansTetetb arte: att togte on enw ereitt: ona mon 


. = 
— 
, ey 


saangonreisa Jez 


> 


ra - 
-(TeaT = TY 2Pieev Ss Le" oe 
= ‘ a ey = 
[ies efits 1 ad svage <= jusds 
: 7 : 
0.0 00. 6 OL : wha. 


eX _ : Tee ae all 
~ pS 

y taastiteghe 
aes 7? 


67 
Comment: There was no significant difference of heart rates before and 
after first arteriogram. 
B. Analysis of heart rates before and after induction of SAH. 

Week I (T - TEST) 
XBAR1 XBAR2 SDEV1 SDEV2 DF E P-one tail 
116.67 b21 567 13.74 14.62 10 =05 557 0.294 
Comment: There was no significant difference of heart rates before and 
after induction of SAH. 

Week II (T - TEST) 
XBAR1 XBAR2 SDEV1 SDEV2 DF si P-one tail 
105.00 136.67 9.57 24.27 10 -2.714 0.010 
Comment: There was a significant difference of heart rates before and 
after induction of SAH. 

Week III (T - TEST) 
XBAR1 XBAR2 SDEV1 SDEV2 DF is P-one tail 
106.67 1139353 Vaso Los 10 -0.587 0.285 
Comment: There was no significant difference of heart rates before and 
after induction of SAH. 

C. Analyses of heart rates before and after second arteriogram. 

Week I (T - TEST) 
XBAR1 XBAR2 SDEV1 SDEV2 DF T P-one tail 
108.33 103.33 6.87 7.45 10 T1035 0.147 
Comment: There was no significant difference of heart rates before and 
after second arteriogram. 

Week II (T - TEST) 
XBAR1 XBAR2 SDEV1 SDEV2 DF ae P-one tail 
1232833 La sys3 27.49 24.09 10 0.306 0.382 


Comment: There was no significant difference of heart rates before and 
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after second arteriogram. 

Week III (T - TEST) 
XBAR1 XBAR2 SDEV1 SDEV2 DF r P-one tail 
110.00 108.33 23.09 25.44 10 0.108 0.457 
Comment: There was no significant difference of heart rates before and 
after second arteriogram. 

Figure 15 shows cumulative frequency graphs of the six animals 
indicating heart rate changes after first arteriogram, induction of SAH 
and second arteriogram in three weeks of experimentation. 

D. Analyses of degrees of change of heart rates after first 
arteriogram, induction of SAH and second arteriogram. 

Week I 
ADJUSTED ANALYSIS OF VARIANCE - ADJUSTED F = 2.540 P= 0.114 
Comment: There was no significant difference of degree of change of 
heart rates immediately after first arteriogram, induction of SAH and 
second arteriogram. 

Week IL 
ADJUSTED ANALYSIS OF VARIANCE - ADJUSTED F = 5.271 P= 0.015 
Comment: There was a significant difference of degree of change of 
heart rates immediately after the first arteriogram, induction of SAH 
and second arteriogram. 

ADJUSTED MEANS 

After first arteriogram - 104.26/min. 
After SAH - 143.52/min. 
After second arteriogram - 113.87/min. 

Week IIL 
ADJUSTED ANALYSIS OF VARIANCE - ADJUSTED F = 1.653 P = 0.227 


Comment: There was no significant difference of degree of change of 
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heart rates immediately after first arteriogram, induction of SAH and 


second arteriogram. 


E. Analysis of heart rates before first arteriogram over three 


weeks. 

ANALYSIS OF VARIANCE F = 0.387 P = 0.685 

Comment: There was no significant difference of heart rates before first 
arteriogram over three weeks. 


F. Analysis of heart rates after first arteriogram over three 


weeks. 
ANALYSIS OF VARIANCE F = 0.880 P = 0.435 
Comment: There was no significant difference of heart rates after first 
arteriogram over three weeks. 
G. adiipais of degree of change of heart rates after first arterio- 
gram over three weeks. 
ADJUSTED ANALYSIS OF VARIANCE - ADJUSTED F = 2.217 P = 0.146 
Comment: There was no significant difference of degree of change of 
heart rates after first arteriogram over three weeks. 


H. Analysis of heart rates before induction of SAH over three 


weeks. 

ANALYSIS OF VARIANCE F = 0.990 P = 0.394 

Comment: There was no significant difference of heart rates before 
induction of SAH over three weeks. 


I. Analysis of heart rates after induction of SAH over three 


weeks. 

ANALYSIS OF VARIANCE F = 1.864 P = 0.189 

Comment: There was no significant difference of heart rates after 
induction of SAH over three weeks. 


J. Analysis of degrees of change of heart rates after induction 


of SAH over three weeks. 


ADJUSTED ANALYSIS OF VARIANCE - ADJUSTED F = 4.286 P = 02035 
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71 
Comment: There was a significant difference of degree of change of heart 
rates after induction of SAH over three weeks. 
ADJUSTED MEANS 
Week I - 115.27/min. 
Week II - 140.59/min. 
Week III - 115.79/min. 
K. Analysis of heart rates before second arteriogram over three 
weeks. 
ANALYSIS OF VARIANCE F = 0.758 P = 0.485 
Comment: There was no significant difference of heart rates before 
second arteriogram over three weeks. 
Uns Analysis of heart rates after second arteriogram over three 
weeks. 
ANALYSIS OF VARIANCE F= 0.681 P= 0.521 
Comment: There was no significant difference of heart rates after 
second arteriogram over three weeks. 
M. Analysis of degrees of change of heart rates after second 
arteriogram over three weeks. 
ADJUSTED ANALYSIS OF VARIANCE - ADJUSTED F = 0.120 P = 0.887 
Comment: There was no significant difference of degree of change of 
heart rates after second arteriogram over three weeks. 
Electrocardiographte Findings 
Monkey 1 has non-specific ST changes after the first induction of 
subarachnoid hemorrhage. This was not observed in the follow-up EKG 
done a week later. 
Monkey 2 had ventricular arrhythmia after the first induction of 
subarachnoid hemorrhage. This did not persist in the second EKG done a 


week later. The second induction caused its reappearance accompanied by 
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another type of arrhythmia. Both ventricular and supraventricular 
arrhythmias were observed to persist after the third induction of sub- 
arachnoid hemorrhage. 

Monkey 3 had ventricular arrhythmia after the first induction of 
subarachnoid hemorrhage. This was observed to persist in two weekly 
EKG's. After the third induction, the ventricular arrhythmia disappeared 
and was replaced by a supraventricular type. 

Moneky 4 had a ventricular type of arrhythmia after the second 
induction of subarachnoid hemorrhage. This did not persist in the follow- 
up EKG. 

Monkey 5 had no evidence of EKG abnormalities during the weekly 
induction of subarachnoid hemorrhage. 

Monkey 6 had a ventricular type of arrhythmia after the second 
induction of subarachnoid hemorrhage. This did not persist on follow-up 


EKG done a week later. 
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DISCUSSION 


lye Experimental Techniques. 


Rhesus monkeys proved to be satisfactory subjects for the observa- 
tion of cerebral arterial spasm because the gross blood supply of the 
neck and brain of these animals differs very little from that of man. 
In the neck, the striking anatomical difference between the two is that 
in monkeys, both common carotid arteries originate from the brachio- 
cephalic artery [7] (Figure 1). Intracranially, the Circle of Willis 
closely resembles that of man, except for the formation of the anterior 
portion. In monkeys, the anterior communicating artery is not a dis- 
tinct segment. The right and left anterior cerebral arteries unite in 
the midline to form a single pericallosal artery. These anatomical 
differences facilitated the observation of vasospasm with less likeli- 
hood of misinterpretation. Superimposition of symmetrical vessels was 
minimized, as was the case in the single pericallosal artery. 

Administration of pentobarbital sodium intraperitoneally per- 
mitted handling of the subjects and certain procedures which do not need 
deeper anesthesia, such as lumbar puncture and catheterization. Endo- 
tracheal anesthesia and artificial ventilation provided, among other 
things, constant level of blood gases throughout the length of the 
procedures. Pre-anesthetic and anesthetic requirements decreased as 
the subjects underwent repeated experiments. This could be attributed 
to loss of weight and altered hemostatic mechanism. 

The femoral artery was sufficiently large for the introduction 
of a catheter for arteriography. Problems were encountered only when 


the artery was unnecessarily irritated, resulting in vasospasm. 
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74 
Catheterization was quite difficult. Alternate sites for catheteriza- 
tion in the upper extremities were not ideal. Catheterization of the 
axillary artery was associated with a greater degree of failure and in 
one instance, gangrene of the extremity. Total ligation of the two 
femoral arteries, one after the other at weekly intervals, did not 
produce signs of circulatory deficiency in the lower extremities. With 
this surgical technique, no significant operative complications or post- 
operative infection were noted. Introduction and proper placement of 
the femoral catheter were greatly facilitated by utilizing siliconized 
catheters and the occasional use of guide wires. 

The use of physiologic saline solution with aqueous heparin sodium 
was adequate to keep the femoral catheter patent during the entire 
duration of the procedures. Neither operative nor postoperative hemorr- 
hage were encountered with the use of this solution at any time. Retro- 
grade femoral arteriography appeared to be a very satisfactory way of 
visualizing the cerebral circulation. Preferential filling of either 
carotid system was also possible. Eight cc. of 60% meglumine iothala- 
mate, injected with a pressure injector at 400 psi, produced a satis- 
factory opacification of the cerebral vasculature. The use of a total 
of 20 cc. of this contrast medium in weekly experiments did not produce 
significant adverse effects on the subjects. 

Although biplane arteriography was used, only the lateral projec- 
tion was utilized for actual measurement of the diameters of the 
arteries, before and after induction of SAH. In the true lateral view, 
the proximal segment of the pericallosal artery was delineated adequately. 
This is due to the fact that superimposition of surrounding structures 
was minimized. The antero-posterior views were used mainly to verify 


the existence of vasospasm. The use of a satisfactory monkey holder as 
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advocated by Ryan et al. [103] has been indispensable for maintaining 
proper radiographic positions and magnification factors. 

Induction of SAH, by injection of autogenous arterial blood 
through a twist drill hole in the frontal area, was successful. Post 
mortem examination showed that injected blood circulated in the sub- 
arachnoid space into the areas where the arteries under observation 
were located. 

One subject, that had three SAH before post mortem examination, 
demonstrated signs of recent and old hemorrhages in the leptomeninges. 
These changes were observed anteriorly in the inferior surfaces of the 
orbital lobes and posteriorly in the pontine and ambient cisterns. 

With these findings, it is assumed that the observed arteries were in 
direct contact with the injected blood. 

Introduction of a short bevelled needle in the frontal area above 
the nasion showed little evidence of parenchymal damage. Infarction 
around the needle was observed occasionally in the tips of the frontal 
lobes. This could be attributed to the shape of the frontal lobes of 
the monkeys. The anterior pole of the frontal lobe is comparatively 
pointed and its basal surface is concave. The needle sometimes pene- 


trated the undersurface of the frontal lobes as it was inserted. 


2. Evidence of Cerebral Vasospasm. 


The subjects were analyzed individually to determine whether or 
not they showed cerebral arterial responses to induced subarachnoid 
hemorrhage. A subject was considered to exhibit vasospasm if there was 
diminution of blood vessel diameter in one or both of the two arteries 
observed. 

It has been claimed by Forbes et al. [36] that cerebral arteries 


can constrict 8 - 10% by reflex stimulation of the sympathetic innerva- 
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76 
tion. Injected blood might elicit reflex constriction by stimulating 
the sympathetic innervation of these arteries. How much this mechanism 
really contributes to the total response is still debatable. The effects 
seem limited for the following reasons: 

A. Electron microscopic observations in intracranial arteries, while 
they demonstrate structures resembling digital tactile organs, fail to 
prove the existence of afferent terminals in arterial vessel wall. 

B. No specific nerve endings were demonstrated in the tunica media 
or tunica intima [23]. 

C. The actual responses of the basal arteries of the brain to 
experimental sympathetic stimulation were equivocal [71,75,119]. 

In the present study it was demonstrated that cerebral arterial 
spasm occurred in all of the three weeks of induced SAH (Week I, P = 
0.065; Week II, P = 0.000; Week III, P = 0.042, Figure 7) 

The change in the blood vessel diameters after SAH in Week I was 
considered significant even though it did not quite reach the set confi- 
dence level. This is due to the facts that: 

A. The sample size is too small to completely reject this border- 
line change. 

B. Comparison of measurements of vessel diameters before and after 
SAH showed no significant difference from those which exhibited distinct 
vasospasm. 

C. The effect of SAH in the three weeks of induction showed no 
significant difference of degree of vasospasm. 

The other results of the analyses were the following: 

A. The diameter of each of the two observed arteries before SAH 

did not vary over the three weeks (P = 0.535, P = 0.6/0). 


B. The diameter of each of the two observed arteries after SAH 
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did not vary over the three weeks (P = 0.987, P = 0.811). 

C. The degree of vasospasm of each of the two observed arteries 
did not vary over the three weeks (P = 0.818, P = 0.620). 

D. The degree of vasospasm did not vary between the two observed 
arteries over the three weeks (P = 0.866, P = 0.862, P = 0.991). 

These findings clearly indicate that the introduction of fresh 

arterial blood into the area anterior to the tuberculum sella produces 


vasospasm in both observed arteries (Figures 8, 9, 10 and 11). 


ce Pathogenesis of Cerebral Vasospasm. 


The cause and sequence of events leading to this vasospastic 
response can only be speculated upon. It was obvious that blood intro- 
duced into the subarachnoid space circulated to adjacent areas where it 
came into direct contact with the two observed arteries. This circula- 
tion of injected blood through the subarachnoid space was shown by the 
pathological findings of old and recent hemorrhages in the leptomeninges 
in animals sacrificed after induction of SAH. Furthermore, injected 
blood was recovered in the lumbar puncture needle, indicating that it 
followed the pathways of CSF circulation. As injected blood circulates, 
it dissects through the subarachnoid space displacing and stretching 
the arteries or pulling on attached arachnoid bands. This process has 
been pointed out by Johnson et al. [60] as a possible mechanical cause 
of vasospasm. As blood comes in direct contact with the external vessel 
wall, it is possible that the mere physical contact could trigger a vaso— 
spastic response. In addition, the various constituents of blood could 
have elicited a major response. The distinction between mechanical and 
chemical responses is theoretically possible. The individual effects 
of these two stimuli could be evaluated if the vasoactive substances 


were identified and the mechanical effects of blood could be gauged after 
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78 
successive elimination of these substances. At present, identification 
of these vasoactive substances has not been accomplished [65]. 

Inasmuch as measurements of arterial diameters were done 5 - 10 
minutes after SAH, it is of interest to speculate on those factors which 
could produce vasospasm at this early period. Kapp et al. [63] observed 
the mechanically elicited vasospasm to last about 5 minutes and range in 
degree from 0 - 48%, with an average of 25% of control diameter. The 
physical presence of blood could have the same effect as light stroking 
with a cotton pledget, which these investigators used. 

Circulating vasoactive substances should also be considered. 
Included in this group are epinephrine, norepinephrine, histamine, brady- 
kinin, angiotensin and serotonin. Only angiotensin and serotonin have 
been found to cause significant vasoconstriction when topically applied 
POR 6399751247 % 

Wilkins et al. [124] found that the normal blood values of cate- 
cholamines, angiotensin and serotonin are at or below the level at which 
minimum sensitivity was observed in spirally cut strips of rabbit aorta. 
This may indicate that if chemical stimuli alone can produce a signifi- 
cant Weares of vasospasm, either the vasoactive substances potentiate 
one another's effects or another unidentified substance or substances 
is present. Angiotensin, although it could not be eliminated entirely 
from consideration in the production of spasm, has been shown to be 
rapidly destroyed by angiotensinases in the blood and its continued 
presence in blood clots or bloody cerebrospinal fluid therefore seems 
unlikely [65]. Serotonin, on the other hand, appears to be a more impor- 
tant factor in influencing the arterial response to SAH. Although it 
is rapidly oxidized to 5-hydroxyindoleacetic acid, its ability to produce 


vasospasm is longer-acting than that of angiotensin. This strong vaso- 
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79 
constrictor agent is released from platelets with the clotting of blood 
and has been shown to be completely liberated within 15 minutes [9]. 

Gauging from the degree of vasoconstriction produced by different 
vasoactive substances, angiotensin and serotonin have been singled out 
to have profound effect on arterial wall, but neither of these substances 
consistently produces constriction of the magnitude produced by auto- 
genous blood [64]. This suggests that vasospasm produced by introduction 
of blood, as in this study, is not primarily caused by a single factor 
but by combination of at least two, that of mechanical and chemical 
stimulation. Other unidentified factors are still strongly suspected. 

In the present study, weekly induction of SAH did not enhance the 
production nor the duration of vasospasm. In fact, the arteries fully 
regained control diameters before the start of succeeding experiments. 
The exact duration of vasospasm could not be determined because follow-up 
arteriograms were done only at weekly intervals. Other investigators 
have shown that it lasts from a few minutes to an hour [9,63,73,111]. 

Changes in arterial diameter and the overall effects of blood on 
the cerebral arteries did not differ over the three weeks of induction 
of SAH. This indicates that the whole sequence of events leading to 
vasospasm progressed without any residual effects. It is likely that 
vasoactive substances were liberated with the introduction of blood, 
that they exerted a brief action on the arterial wall and finally were 
completely metabolized, leaving the intact artery ready to react again 
to a similar stimulus. 

The absence of evidence of prolonged spasm in the observed arteries 
showed, among other things, that the tip of the needle used for injection 
of blood did not puncture either of the two arteries or its adjacent 


segments. It has been shown by Simeone et al. [111] and Landau et al. 
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80 
[72] that actual puncturing of blood vessel wall produced prolonged vaso- 
spasm lasting from 4 - 7 days. Vasospasm in this case would be an overall 
response to various factors. These include the following [9]: 

A. Reduction in peripheral resistance with the escape of blood from 
the arterial tree during the actual hemorrhage might cause a local reduc- 
tion in arterial pressure and thereby cause passive reduction in size of 
the artery. 

B. Local mechanical distortion of arteries may also cause constriction 
of the vessel. This is considered to be a major contributing factor in 
the production of acute spasm. 

C. Serotonin released from platelets with clotting of blood and 
other circulating vasoconstrictor agents may be involved. 

D. An unknown fraction which is highly spasmogenic, yielded by 
centrifugation of platelets may be a major factor in prolonged vasospasm 
[65]. 

The technique of the present study simulated only the effects of blood 
extravasated in a particular area and not the effects of disruption of 


the arterial wall: 


4. Direct Effects .of Experimental Variables on Blood Vessel Diameter. 


It was the aim of the present study to maintain these experimental 
variables within as narrow a range as possible so that vasospastic res- 
ponses could be evaluated principally in terms of the effect of subarach- 
noid blood. However, small changes could not be avoided. Six experi- 
mental variables were then measured and analyzed to determine theoreti- 
cally the degree of influence they could have exerted on the developing 
vasospasm. The nature of the influence of each of these variables was 
ae pee a trend towards either vasoconstriction or vasodilation. 


The real significance of these factors could not be statistically proven 
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because of the relatively small numbers of. observations. 

A. pco,: pCo., values during the first and second arteriograms 
did not differ significantly over the three weeks of experimentation. 
In Week I, the mean pco,, was 51.41 mm. Hg during the first arteriogram 
and 47.33 mm. Hg during the second. The effect of increased pco,, on the 
supraclinoid segment of the right carotid artery was such that it tended 
to dilate the artery, changing its P value from P = 0.065 to P = 0.173. 
The same effect was observed on the proximal segment of the pericallosal 
artery (P = 0.251 to P = 0.344). In Week II, mean pcO, values were 45 291 
mm. Hg and 46.48 mm. Hg during the two arteriographic procedures. The 
effect of this change on the two arteries was towards vasodilation. In 


. trom the control value. 


Week III, there was a slight decrease of pco., 


The two arteries tend to constrict with this change (47.66 mm. Hg to 
44.0 mm. Hg). 

The above observations indicated that pco,, values higher than 45 
mm. Hg tend to dilate, while lower values tend to constrict cerebral 
arteries. As has been pointed out, dean changes leading to values 
lower than control still produce a tendency towards vasodilation if 
the second value remained above the indicated borderline. This critical 


pCO, level, at which the contrasting arterial response diverged, is 


Zz 
debatable because it is within normal limits. The tendency towards vaso- 
constriction below this level could probably be explained by the fact 

that the coexisting po, was significantly higher than normal. Higher 
values of po. have been shown [114] to cause slight to moderate cerebral ~ 
arterial constriction. 

B. pH: The range of mean pH values was from 7.331 to 7.411 during 


the three weeks of induction of SAH. The degrees of change during the 


first and second arteriograms were correlated with the degrees of arterial 
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82 
constriction. In Week I, the two arteries differed in their responses; 
the supraclinoid segment of the internal carotid artery tended to constrict 
while the proximal segment of the pericallosal artery tended to dilate, as 
the pH decreased from 7.35 to 7.33. In Weeks II and III, the observed 
mean pH was slightly lower than the control (7.38 to 7.35; 7.41 to 7.40). 
The two arteries both showed tendencies toward vasodilation in these two 
periods. The above observations indicate that pH of 7.33 and lower tends 
to produce vasoconstriction, while higher values have the opposite effect. 
Decreasing pH level is well known to produce vasoconstriction in cerebral 
arteries [114]. The critical levels at which arterial response become 
evident vary and most likely are influenced by other blood gases. 


C. pO,: The employed method of artificial ventilation produced 


9! 
in the subjects po. levels 3 to 3.5 times higher than normal. These 
hypersaturated states were maintained throughout the weekly procedures. 
The mean po, ranged from 298.50 mm. Hg to 356.66 mm. Hg. 

In Week I, when the mean po, level increased above the control, 
the two arteries showed contrasting tendencies. The supraclinoid segment 
of the right internal carotid artery tended to dilate, while the proximal 
segment of the pericallosal artery tended to constrict. In Weeks II and 
III, vasodilation was the trend in both arteries as the observed mean 
po, increased. With the proximal segment of the pericallosal artery, 
the po, effect was enough to change its P value trom 0.042 to 0.073. 
These observations are entirely in contrast to what is expected of con- 
ditions with po, level exceeding 3 to 3.5 times the normal. Elevated 
po. produces cerebral vasoconstriction, although of slight to moderate 
degree [114]. This unexpected result cannot be explained, but a possi- 


bility to be considered is that a combination of high oxygen and high 


carbon dioxide concentrations is associated with almost the same degree 


7 


69.023 bebass yussts » daoteinal org 46 siete 


stjges sft evodsa bsgss2eni Lavel Pea! sis 9m sia aeriw <I dee al ¥ oe 
; ” 7 


rq attg sitdw jo3slth.ot bebasd wneneees ora? tanxedab saeiecot 


g-Il etse = ioeugenos 62 bebaes amine ine 20Lleotteg add; 2003 408 a 


ro74s laaolisotisg ed3.io Insaget Amaaxoxg ods date cones ang 


) 30 betasquse 2t Jaw o3 3903 ihe ue ass ane 


bassveli  ,is@xon aris pasate £.€ ca gfitbeeoxs ia 1 .Oq 
: ll i . av 7 rn 


23 bebasd yuedxe 2oi lasiisq ods to 
aia .1il bes I atesW nl. .£€&.% of 


{) Loxzaeo eng asd? r9v0k aigate ne Ha 


aS 


italtboesy brawos esionebaas bawode d3od porusan pe 
to Hq sarlo sotbat , enotsevzsedo eavods” oAT .,eb0 

: = 
¥ taigid altte (aoLs2tTdeqQD0RAY soube ai of 


> oa 
yoo 
ees 


ow 

4 
~~ 
&» 


Jenonoesy ssubo1q of awond Dlew al tevet Ae: gates we 


oqasy Lelvesis roidw ts elewed Leott to eat Abit eokns 
$on39 ya DDoS ul tet 238 vlovtl teom" boa av 16 obive 


omg sotssittoey Lletotitors jo. bodiem Beyoique sdT - $0q:, ad, 
ri = * a ad 


it .Jamxoa aeda t9dgid abet 2.6 en alevel 699 atoetdua 9 


‘¢ (lisew sd3 tvorguotd? bsatatniem stew eessde boinzytaereqyl 
; v c uv ad / 


= — te : ber, E i = 
-gH .mm 60.0ce oF gi imme 2,808 tox? Begnas 694 aeom ait 


syaque ofl .aacsosbagd gobszeszsn09 bewode ealies1A, ows 
nee * 5 


an ~*~, a 


ssvierdo sit as asirsi1ze ddod ~ bosw of) saw. aotsaL boage Bes . 


> 


0.98 ot 40,0 mond sulay 4 atk smn 09 saul - 


« 
tx 


83 
of augmentation of the cerebral blood flow as obtained with increased 
carbon dioxide alone [114]. The pco,, level of the subjects was not 
extremely high, but was maintained at a slightly elevated value by 
artificial ventilation. It has been shown here that the pco, effect 
tends to dilate the arteries, 

D. Temperature: Artificial methods of controlling body tempera- 
ture of subjects during the experimental procedures were not employed. 
The subjects did not maintain body temperature in spite of the fact that 
investigations were done at room temperature. Moderate hypothermia was 
observed in these subjects, with mean temperatures ranging from 32.79°C. 
to 34.54°C. 

In Week Le the two arteries tended to dilate as the temperature 
dropped from 34.54°C. to 33.33°C.3; in Week II, the two arteries tended 
to dilate as the temperature dropped from 33.34°C. to 32.79°C.; in Week 
III, the supraclinoid segment of the right internal carotid artery was 
not influenced by the change of temperature from 33.40°C. to 33.05°C., 
while the proximal pericallosal artery showed tendency towards dilation. 

These responses of the arteries to change of temperature were not 
consistent over the three weeks and no significance could be attached to 
them. This does not necessarily eliminate the effects of temperature 
as a significant factor in the production of vasospasm. Allcock at al. 
[1] and Kapp et al. [63] have shown both clinically and experimentally 
that a very low temperature is a predisposing factor to the occurence of 
cerebral vasospasm. 

E. Blood Pressure: No significant difference was observed 
between the mean blood pressures taken before the first and second arterio- 
grams. It appeared that blood pressure in this particular case had no 


distinct influence on the vasospastic responses of the observed arteries 
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84 
at any time. 

F. CSF Pressure: In most of the subjects, the injection of blood 
produced a rise in CSF pressure generaily exceeding the mean systemic 
arterial pressure for less than 10 seconds. A significant increase of 
CSF pressure lasted only for a few minutes. 

Second cerebral arteriograms were usually taken at the time the 
elevated CSF pressures started declining. The first or control arterio- 
grams, on the other hand, were taken when the CSF pressures were normal. 
CSF pressure differences during the two procedures were statistically 
Significant in Weeks I and II only (P = 0.051; P = 0.038, P = 0.219). 

These findings may indicate that the increased intracranial pres- 
sure produced a cuffing effect on the cerebral arteries. Theoretically, 
this could aggravate the vasospastic responses to subarachnoid blood, 
but this did not. appear to be the case. The time during which the 
second arteriograms were taken corresponded to the instance when sudden 
restoration of cerebral flow occurred. The restoration of blood flow 
was secondary to the rapid decline of CSF pressure. Return of original 
vessel diameter was presumed in view of the fact that normal circulation 
was restored with a comparatively higher blood pressure. The increased 
blood pressure was part of the developing Cushing phenomenon, which was 
proven to have occurred. Investigation done by Hedges et al. [50] 
supports the contention that a Cushing phenomenon is necessary for an 
immediate and rapid restoration of arterial circulation after release 
of experimentally elevated CSF pressure. Furthermore, the cuffing effect 
produced an initial period of stasis resulting in local changes of blood 
gases. An immediate "reactive hyperaemia" is then produced after the 
release of CSF pressure [81]. 


Timing of arteriography, in this particular investigation, is 
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therefore a major factor in minimizing the influence of increased intra- 


cranial pressure on arterial response. 


ks Relationships of experimental variables. 


A. Blood Pressure and Heart Rate: Over the three weeks, the 
first arteriogram always caused a fall of mean blood pressure (P = 0.047 
P = 0.009, P = 0.044, Figure 12). The second arteriogram caused a fall 
only in the second week (P = 0.004, Figure 14). 

The induction of subarachnoid hemorrhage produced different degrees 
of mean blood pressure changes over the three weeks. The greatest change 
was observed in the second week when the mean blood pressure rose from 
44.88 mm. Hg to 74.32 mm. Hg (P = 0.003, Figure 13). The changes in 
the first and third weeks were not as great as in the second, but were 
statistically significant when compared to the effects of both the first 
and second arteriograms. The following are their relative values: 

Week I: P = 0.002, with adjusted means of 47.50 mm. Hg after first 
arteriogram, 68.96 mm. Hg after SAH and 48.68 mm. Hg after second arterio- 
gram. 

Week III: P = 0.002, with adjusted means of 41.24 mm. Hg after 
first arteriogram, 65.41 mm. Hg after SAH and 46.60 mm. Hg after second 
arteriogram. The overall findings indicated that the repeated procedures 
produced a comparatively higher degree of change in the second week. The 
subjects appeared to develop a degree of tolerance thereafter. 

Changes in heart rate secondary to arteriogram and SAH differed 
from those of the blood pressure. No significant change of heart rate 
was observed during the first and third weeks after first arteriogram. 

A distinct fall was noted only after the first arteriogram during the 
second ageye (P = 0.036, mean heart rate of 120/min. to 106.67/min.). 


Induction of SAH also produced a change which occurred only in the second 
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week (P = 0.010, 105/min. to 136.67/min.). Second arteriogram produced 
no statistically significant change of heart rate (Figure 15). 

The change of heart rate after the first arteriogram did not 
correlate with the change in blood pressure. An increase of heart rate 
is physiologically expected to occur with a fall of blood pressure. In 
this case, it appears that both heart rate and blood pressure were de- 
pressed after the initial cerebral arteriogram. Relative bradycardia 
and hypotension were observed several seconds after injection of contrast 
medium. Return to normal values was noted several minutes later. These 
findings indicate that aortic arch arteriogram, using 60% meglumine 
iothalamate at 400 psi, has a definite effect on the cardiovascular 
system of subjects. 

Hilal [53] using mongrel dogs observed similar effects. He classi- 
fied the hemodynamic changes associated with intracarotid injection of 
radiopaque medium into two phases. The first hypotensive phase is char- 
acterized by bradycardia and marked hypotension starting about 4 seconds 
after the beginning of injection and reaching the minimum by the 5th and 
7th seconds. Recovery to normal occurs by the 12th or 15th second. The 
second hypotensive phase is characterized by a drop in the blood pressure 
without bradycardia. It starts 17 seconds after injection and complete 
recovery takes place after 40 to 53 seconds. The present observations 
parallel the above changes, although not all phases were identified and 
recorded. The experimental method did not provide continuous recording 
during contrast medium injection. 

The present data suggest that in the first and third weeks, only 
the second hypotensive phases were recorded. In the second week, the 
first and second phases were shown in both of the two arteriographic 


procedures. This leaves the impression that the subjects were compara- 
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tively more reactive in the second than either the first or third weeks. 
The injection of contrast medium during the second week produced a pro- 
longed first hypotensive phase that was recorded several seconds after 
its commencement. This could not be attributed to either the amount of 
contrast medium, difference of injection pressure or timing of recording, 
for these were set up identically in the three weeks of investigation. 
The exact reason for the difference in reactions is not clear. The two 
phases of hemodynamic changes secondary to injection of contrast medium 
did not interfere with the accurate determination of arterial diameters. 
It has been shown [53] that hypotension during the first phase is the 
result of bradycardia occurring about 4 seconds after injection. This 
places the radiographic exposure ahead to at least the middle of the 
arterial phase before changes in cerebral arteries might start in response 
to the developing bradycardia. It is known that pial vessels show a 
passive reduction in diameter when sudden hypotension occurs, while a 
more sustained drop in the blood pressure results in dilation of these 
vessels. It seems logical then to assume that accurate measurements of 
vessel diameters were made at a time when neither vasoconstriction nor 
vasodilation were exhibited secondary to the hemodynamic effects of 
contrast medium. Furthermore, the contrast medium used does not have 
any direct effects on the cerebral arterial wall b53)}e 

The first hypotensive phase has been attributed to the irritating 
effect of the contrast medium on the receptors in the arch of the aorta 
and its major tributaries, while the second hypotensive phase to the : 
central effects of the contrast medium on the vasomotor centers [31443,53]. 

B. CSF Pressure, Blood Pressure and EKG Changes: The changes in 
blood pressure after induction of SAH could be attributed to the increase 


of intracranial pressure and to the central effects of blood on the vaso- 
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88 
motor centers. This change appeared to be a Cushing phenomenon. The 
injection of blood produced intracranial pressures higher than the 
systemic arterial pressure in most of the subjects. Although this 
possibly contributed to the occurrence of a Cushing phenomenon, this 
was not necessary since the increased CSF pressure was at or about the 
mean systemic blood pressure in all subjects [50]. 

Changes in the heart rate and other EKG abnormalities cannot be 
explained on the basis of increased CSF pressure alone. Hersch et al. 
[52] have shown that abnormal EKG tracings were not as frequent in cases 
with intracranial space-occupying lesions as in cases with subarachnoid 
hemorrhage. 

Aside from changes of heart rate, the arteriographic procedure 
did not produce any other EKG abnormalities. With induction of SAH, one 
subject showed no change at all, one had a non-specific ST change and 
the rest had various types of cardiac arrhythmias. Ventricular and 
supraventricular arrhythmias appeared to increase in the second week. 
Two subjects showed these changes in the first week, four in the second 
and two in the third. The characteristic changes in the first week were 
similar to the third week. 

A number of reports have appeared in the literature describing 
these EKG changes secondary to intracranial hemorrhage Po2ede. ot etc toue 
Disturbances of autonomic influences and hypothalamic activity have been 
singly and jointly cited by several investigators as the cause of these 
EKG abnormalities. Cropp et al. [22] have suggested that stimulation 
of the orbital surface of the frontal lobe (area 13) and the anterior 
cingulate gyrus (area 24) results in a rise or fall in blood pressure, 
alterations in heart rate and other EKG changes. Pool [87] suggested 


that the changes are mediated through vasocardiac reflexes. If this is 
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true, hemorrhage around an artery might trigger these reflexes, causing 
EKG abnormalities. Greenhoot et al. [42] on the other hand, believe 

that activation of sympathetic "centers" in the posterior diencephalon 
and upper midbrain, either by stimulation or by lesions more anteriorly 
which alter the balance of autonomic outflow, results in sympathetic 

discharge capable of producing myocardial necrosis. They further pro- 
posed that the myocardial necrosis is due to the release of catechola- 


mines from adrenergic nerve endings in the heart. 
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SUMMARY 


1. The described method of studying cerebral arterial response 
to induced subarachnoid hemorrhage in rhesus monkeys was shown to be 
satisfactory. The presence of a single pericallosal artery in this 
particular species plus the fact that preferential arteriographic studies 
of the carotid arterial system were possible, made the observations pre- 
cise and uncomplicated. 

2. The use of endotracheal anesthesia and artificial ventilation 
have limited the influence of the experimental variables on the arterial 
response to SAH. 

ie Retrograde femoral arteriography appeared to be the most 
satisfactory way of visualizing the cerebral circulation of rhesus 
monkeys. This approach was proven to be superior to any technique 
utilizing the peripheral vasculature. 

4. Induction of subarachnoid hemorrhage by injection of autogenous 
arterial blood into an area anterior to the tuberculum sella was suffi- 
cient to insure that blood circulated and came into contact with the 
supraclinoid segment of the right internal carotid and proximal segment 
of the pericallosal arteries. 

5. Injection of 4 cc. of autogenous arterial blood into the sub- 
arachnoid space produced an acute rise of CSF pressure which levelled off 
to control value after a few minutes. This rise was enough to stimulate 
an arterial response without producing a prolonged increase of CSF pres- 
sure or simulating a mass lesion effect. 

6. A technique similar to that applied in man was used to perform 
lumbar punctures in the subjects. The best results were obtained with 


the subjects premedicated and supported in a sitting position. This 
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eliminated the necessity of doing a laminectomy to insure proper lumbar 
catheterization. 

7. Vasospasm was proven statistically to occur in the three weeks 
of induced SAH. The exact duration of spasm was not fully determined but 
was observed definitely to last for less than a week. Repeated injections 
of blood did not influence the degree of vasospasm observed during weekly 
experiments. No difference of degree of vasospasm was observed between 
the two arteries over the three weeks. 

8. Heart rate and blood pressure were shown to be affected by 
induction of SAH and by the arteriographic procedures. Blood pressure 
and heart rate decreased after arteriograms and increased after induction 
of SAH. Central effects of the contrast medium and subarachnoid blood 


on the vasomotor centers were discussed as probable causes. 
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